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ABSTRACT
ORNITHINE DECARBOXYLASE AND POLYAMINES:
RELATIONSHIP TO N-NITROSAMINE CARCINOGENESIS
by
DONALD C. FARWELL
A study was undertaken to further elucidate the 
role of ornithine decarboxylase (B.C.4.1.1.17) and polyamines 
during the course of chemical carcinogenesis. This was of 
interest due to recent reports of altered ornithine 
decarboxylase activity and increased polyamine accumulation 
during the carcinogenic process and in tumors, and the 
suggestion that polyamines may serve as "markers" of 
malignancy.
Nitrosamine administration to rats caused an early 
stimulation of ornithine decarboxylase activity in liver 
and kidneys. These increases were maintained for extended 
periods of time in the "target" tissues of the carcinogens.
A single injection of dimethylnitrosamine specifically 
increased the ornithine decarboxylase activity of the kidneys 
72 h after dosage, and some animals maintained elevated 
activities for 2 months. Diethylnitrosamine, given in doses 
which produce liver tumors, also increased enzyme activity 
in that tissue 2 weeks after dosage. However, enzyme activity 
in liver and kidney tumors induced by nitrosamines was not 
elevated.
x
Refeeding protein to animals maintained for 3 days 
on a protein—free diet caused substantial increases in 
liver and kidney ornithine decarboxylase activity during the 
first 8 h feeding period, and these increases in enzyme 
activity were followed by increased incorporation of 
^H-thymidine into liver DNA. Elevations in enzyme activity 
following protein cycling were inhibited by injections of 
actinomycin D, putrescine and 1,3-propanediamine, and 
injections of the latter diamine at 3 b intervals resulted 
in a 60# inhibition of liver DNA synthesis.
Animals previously maintained on protein (-) diet 
for 3 days, refed protein (+) diet 8 h and then fasted for 
16 h showed elevated enzyme activity in the liver and 
kidneys during each day of a 3 day ,,8+l6" dietary regimen. 
Increased ornithine decarboxylase activity in response to 
protein cycling was evident in animals cycled weekly for 
20 weeks. Such chronic increases in activity of this enzyme 
have been associated with the promotion of skin tumors in 
mice, and the effect of weekly protein cycling on nitrosamine 
carcinogenesis was studied. Rats injected with diraethyl- 
nitrosamine and protein-cycled weekly for 16 weeks had 
fewer kidney tumors than control animals treated with the 
carcinogen and fed protein (+) diet ad libitum. Rats fed 
diethylnitrosamine and protein-cycled weekly for 2k weeks 
showed fewer liver tumors than control animals.
The potency of dietary phenobarbital (500 ppm) in 
the promotion of liver tumors induced by diethylnitrosamine
xi
was confirmed as rats fed a 25$-casein diet containing the 
drug showed an earlier and more extensive incidence of liver 
neoplasia than control animals. Transient increases in 
ornithine decarboxylase activity were detected during the 
first week of feeding phenobarbital-containing diet to young 
rats, but were not reproducible in older animals. Tissues 
of experimental animals did not show any evidence of 
increased enzyme activity when analyzed after 1, 11, 20 or 
28 weeks of feeding phenobarbital-containing diet ad libitum.
Induction of the ornithine decarboxylase-antizyme 
in normal and tumor-bearing animals was achieved after the 
injection of either putrescine, propanediamine or spermidine. 
There were no apparent differences in the ability of normal 
or tumor tissue to produce antizyme.
Dietary inhibition of ornithine decarboxylase 
activity was achieved in animals given putrescine or propane­
diamine in the drinking water, or L-arginine as a supplement 
to a 15$ casein diet. Enzyme activity in these animals was 
inhibited by as much as 90$ after one week on the experimental 
diets, and inhibition \*as maintained for 10 weeks in animals 
given arginine or propanediamine. Polyamine concentrations 
in the liver of these animals were depressed after 10 weeks 




In the nearly thirty years since Herbst and Snell 
first observed that polyamines were growth factors for 
Hemophilus parainfluenza (1), there has developed great 
interest in the biological roles of these nitrogenous bases. 
Putrescine (NH-jfCHjjJ^NHg) , spermidine (NHg( CHg) CH2) ^ NH,,) , 
and spermine (NH2 (CHg)3NH(CH2)^NHfCH,,)^NHg) are widely 
distributed in microorganisms, plants, viruses, and mammalian 
tissues (2). Investigations into the biological function of 
these small polycations have demonstrated their involvement 
in a number of life processes, but the precise role of the 
polyamines has yet to be fully elucidated. An extensive 
literature has accumulated in the past decade, and the 
occurrence (2), metabolism, and function of polyamines have 
been reviewed (3, 4, 5).
B. Polyamine Biosynthesis in Animal Tissues
The pathway of polyamine biosynthesis in animal 
tissues is believed to be similar to that elucidated for
E. coli by Tabor £t al. (6). In animal tissues L-ornithine 
is enzymatically decarboxylated to yield putrescine. The 
enzyme ornithine decarboxylase (L-ornithine oarboxy-lyase,
E.C.4.1.1.17) (ODC) is the only known mammalian enzyme 
catalyzing this reaction. Bacteria possess an alternate 
route of formation of putrescine, i.e. from arginine via
1
agraatine, but this pathway does not appear to be operative in 
animal tissues (2).
The presence of putrescine is required for optimal 
activity of S-adenosylmethionine decarboxylase (methionine 
adenosyltransferase, E.C.2.5.1.6) (SAMD). In the presence of 
2.5 niM putrescine, decarboxylation of SAM is linear for 
30 minutes, whereas linearity with time is not observed in 
the absence of the diamine (7). The product of the SAMD 
reaction, decarboxylated S-adenosylmethionine, is probably 
the source of the propylamino group which is transferred 
to putrescine to form spei'midine. A repetition of the 
propylamine transfer, this time to spermidine, yields spermine. 
The two propylamino transferases, spermidine and spermine 
synthases, are distinct enzymes and their activities are 
separable from that of SAMD (8).
One aspect of polyamine biosynthesis which is currently 
receiving much emphasis is the regulation of the enzyme 
activities involved in the process. Most tissues of the adult 
rat contain low activities of these enzymes. An exception is 
the ventral prostate gland, which even in adult animals is 
highly active in polyamine biosynthesis (9). In the prostate 
the activity of ODC is less than that of SAMD. This, together 
with the observation that SAMD activity is putrescine- 
dependent has led some investigators to suggest that ODC 
activity is rate-limiting for polyamine biosynthesis (8).
Further supporting evidence is the fact that 1,3-propanediamine 
(PD) inhibits ODC activity and prevents the in vivo accumulation
3of spermidine associated with growth systems such as the liver 
remnant after partial hepatectomy (10). PD does not inhibit 
SAMD or spermidine synthase, and the prevention of spermidine 
accumulation therefore appears to be a reflection of depressed 
ODC activity and lack of putrescine accumulation (10). Control 
of the activities of the polyamine biosynthetic enzymes, and 
especially the regulation of ODC activity, will be discussed 
more extensively in section G.
C. Distribution of Polyamines in Eukaryotic Cells
Spermidine and spermine are found widely distributed 
in animal tissues and there is considerable variation in the 
concentrations of these polyamines in different tissues (4). 
Concentrations ( jimol/g tissue) of spermidine range from 
0.11 in human seminal plasma to 8.62 in rat pancreas.
Spermine concentrations vary from 0.10 in the frontal lobe 
of the human brain to 4.77 in rat prostate. The concentration 
of putrescine, although very high in E. coli (13.3 ^ jimol/g) , 
is low in the liver and kidneys of the adult rat, with the 
highest concentrations (0.29 pmol/g) having been measured 
in a rapidly growing rat hepatoma (11).
Subcellular localization of the polyamines is made 
difficult by redistribution of the polycations upon tissue 
homogenization. The polyamines are soluble in aqueous 
media and reassociate with a high affinity for anionic 
cellular constituents (4). There is ample evidence that 
polyamines interact with and affect nucleic acids, and this 
will be discussed (see section D). Polyamines have also
ubeen associated with ribosomes (12, 13)* mitochondria (lU), 
chromosome (15)» and the cell nucleus (l6). Stevens (17)» 
using a nonaqueous nuclear preparation, showed equal distri­
bution of polyamines between the nucleus and cytoplasm in 
calf thymus and rat liver.
D. Polyamines and Nucleic Acids
Studies on the interaction between polyamines and 
nucleic acids have a history dating back to the late 1950's.
Ames e_t al. (18) studied polyamine associations with the 
coliphages Tg and and demonstrated that the polycations 
are associated with phage DNA, and not with phage protein.
During phage infection the protein coat is left behind while 
DNA and polyamines are injected into the bacteria (18). This 
was seen to be due to the high affinity of polyamines for 
DNA. Polyamines of phage neutralize one-third to one- 
half of the DNA phosphate (18).
In 1962 Tabor (19) observed that polyamines increase 
the T^ of calf thymus DNA. Spermine was particularly effective, 
increasing the Tffl of DNA 8.8°C at 10"5 M (19). Comparable 
stabilization could be achieved with Mg++ at a concentration 
1,000 times as high (10“^ M). Tabor attributed this stabilizing 
effect to the neutralization of anionio DNA-phosphate by the 
protonated amino and imino groups of polyamines, and to cross- 
linking of the double helix. The stabilization effect may 
be significant in vivo given the concentrations of polyamines 
in the cell, which often exceed 10“-’ M.
5Recent studies have focussed less on the physical 
interactions between polyamines and nucleic acids and more 
on the effect of these organic cations on genetic expression.
Fox et_ al. (20) demonstrated that spermidine could 
prevent inhibition of Micrococcus lysodeikticus RNA polymerase 
activity by RNA. Several other authors have also demonstrated 
an effect of polyamines on a variety of DNA-dependent RNA 
polymerases in vitro (16, 21, 22, 23). The accumulation of 
polyamines and RNA is parallel in a number of systems, 
including rat liver after partial hepatectomy (24), and in 
rat tissues after administration of growth hormone, testosterone, 
folic acid or thioacetamide (22). The earliest change is in 
each case a rise in ODC activity, followed by a slightly 
later increase in putrescine concentration. These events 
were followed by increased polyamine concentration, RNA 
polymerase activity, and RNA accumulation (22).
Stimulation of purified eukaryotic DNA-dependent RNA 
polymerase by spermidine or spermine has been reported 
(25, 26, 27). It has also been shown that exogenously 
administered spermidine is accumulated from the medium by 
Drosophila melanoeaster larvae, and that these polyamine- 
enriched larvae incorporate ^H-uridine into RNA at an 
increased rate (28).
The suggestion has been made that polyamines may 
play a role in the regulation of RNA synthesis. RNA polymerase I 
requires a labile protein for normal nucleolar transcription, 
and it has been suggested that ODC might be the short-lived
6protein that regulated rRNA synthesis (29). IP administration 
of methylisobutylxanthine (MIX), and, inhibitor of phosphodiesterase 
activity which affects cAMP accumulation by preventing its 
enzymatic degradation, caused an 80-fold increase in rat liver 
ODC within 4£ hours, followed shortly by a 2-fold increase in 
RNA polymerase I activity (29). Cycloheximide administration 
after MIX injection resulted in a 75$ inhibition of ODC 
activity and a 45$ inhibition of RNA polymerase I activity.
After an initial lag phase in the case of the polymerase, 
both enzyme activities decrease with an apparent tj- of 
15 minutes following cycloheximide treatment (29). Putrescine 
added to isolated nuclei did not affect RNA synthesis, but 
addition of purified ODC to the assay system increased 
the initial rate of the RNA polymerase I reaction, and 
increased the time during which the assay was linear (29).
Polyamines have been observed to stimulate protein 
or polypeptide syntheses in vitro in a number of systems 
(30, 31, 32). Subsequent investigations have implicated 
polyamines in many protein-biosynthetic events (5). Polyamines, 
like Mg++, affect the structure of ribosomes, stabilizing the 
aggregation of the 30S and 50S subunits of E. coli in vitro 
(12). Polyamines cause the in vitro stimulation of rat 
liver tRNA methyltransferase by several fold (33), and 
fluctuations in polyamine concentrations may play a role in 
the regulation of tRNA methylation in, vivo (33). Spermidine 
may partially replace Mg++ in the binding of formyl-met tRNA 
to ribosomes to begin translation in an E. coli system (34),
7and the polyamine is also required for maximum binding of 
yeast tyr-tRNA synthase to ribosomes (35)• Polyamines have 
also been implicated in the aminoacyl tRNA synthase reaction, 
particularly in the transfer of amino acid from the "activated" 
aminoacyl-AMP-enzyme complex to the appropriate tRNA (36, 37)• 
Takeda (38) has found that spermidine can substitute for Mg++ 
in the overall amlnoacylation reaction, but not in the 
"activation" reaction (pyrophosphate exchange reaction)•
This is taken as evidence that the aminoacylation of tRNA 
occurs as a single step as opposed to a two-step mechanism 
(38, 39). There is also evidence that polyamines bind to 
tRNA in a cooperative manner similar to Mg++ (37). Polyamines 
may therefore facilitate the formation of tRNA tertiary 
structure (40, 4l, 42) and may affect protein synthesis in 
this manner.
Polyamines interact with DNA (19) and evidence has 
accumulated suggesting a role for organic cations in replication. 
Spermine decreases the rate of random mutations in E. coli and
S. aureus, as well as mutations induced by caffeine and 
ultraviolet light (43). O ’brien et al. (44) reported that 
spermine inhibited DNA polymerase activity in vitro, and 
attributed this inhibition to interference with strand 
separation thought necessary for replication. Another 
study (45) measured the effects of spermine on the activity 
of DNA polymerase in nuclei of Physarum polycephalum and 
found that spermine added exogenously with DNA and 
deoxyribonucleotide-triphosphates caused a 15 to 20-fold
increase in incorporation of ^H—dATP into DNA* Schwimmer (46) 
studied, this apparent anomoly and concluded that polyamines 
inhibit DNA-primed DNA polymerase activity but enhance 
nucleohistone or chromatin-primed DNA polymerase. It has 
been suggested that the amines affect replication by dis­
placing histones from chromatin (47). Recently it was shown 
that spermidine added to the assay mixture allowed pol III* 
to utilize singly stranded templates, when in its absence 
the polymerase utilized only double-stranded templates 
with gaps (48). (For further review of the role of polyamines 
in replication, see section £.)
E. Polyamines and Growth
Since the first discovery of a biological role for 
polyamines (l) interest has centered on their significance in 
growth systems. Polyamine (spermidine) accumulation parallels 
RNA synthesis in regenerating rat liver (49) and during the 
development of the chick embryo (50). Increased polyamine 
biosynthesis is reflected by increased activity of the 
polyamine biosynthetic enzymes in these systems. ODC activity 
is increased dramatically in the remnant of rat liver within 
a few hours after partial hepatectomy (51. 52, 53). Increased 
ODC activity was not apparent in other tissues after hepatectomy, 
nor did the activity of the other amino acid decarboxylases 
increase (51).
Liver ODC activity also increases after administration 
of growth hormone (51. 54), and during the development of 
the rat embryo (51). Increased ODC activity is seen in all
9tissues of the rat fetus, as well as in the development of 
the Xenopus laevls embryo (55) •
Hannonen et al. (56) have shown that the activities of 
other enzymes required for polyamine biosynthesis, such as 
SAMD, spermidine synthase, and spermine synthase, are also 
increased after partial hepatectoray. Others have shown that 
SAMD activity increased in response to other growth stimuli, 
including growth hormone administration (57)• In most cases 
the increases in SMAD activity are more gradual and smaller 
than the increases in ODC activity in the same systems.
A number of attempts have been made to determine the 
role of the polyamines in growth systems. Schrock et al. (58), 
using DNA synthesis as an index of growth, studied ODC 
activity in proliferating rat systems. Their findings 
confirmed the early, large increases in ODC activity proceeding 
DNA synthesis in regenerating liver, but could not correlate 
the extent of this induction with growth parameters.
Stimulation of ODC activity could also be brought about in 
systems which were nonproliferative, as induced by IP injection 
of celite.
Gaza and his coworkers (59) raised the possibility 
that increases in ODC activity were necessary prereplicative 
events. These investigators studied the biochemical events 
occurring prior to replication after administration of TAGH 
solution (triiodothyronine, amino acids, glucagon, and heparin), 
or after shifting rats from protein-free to protein-containing 
diets. They compared the prereplicative events occurring
10
in these systems with those occurring during liver regeneration, 
excluding events not common to each as not being necessary 
for DNA synthesis. In all three systems studied there was 
a biphasic increase in ODC activity, with peaks at about 
k and 10 hours after treatment. The authors suggested that 
it is perhaps the second peak of activity which is implicated 
in DNA synthesis.
Lynch e_t al. (60) reported that the two nuclear DNA 
polymerases found in regenerating rat liver were stimulated 
by spermidine in vitro. The polymerase with the 3*2 S 
sedimentation coefficient on sucrose density centrifugation 
constitutes nuclear DNA polymerase of normal liver.
Regenerating liver has a second nuclear polymerase, 7*1 S, 
and the total polymerase activity is nearly double that of 
normal liver nuclei. The increased activity is due to the 
additional (7*1 S) polymerase.
More recently, Fillingame et al. (6l) demonstrated 
that lymphocytes stimulated to proliferate by concanavalin A 
can be blocked in S-phase when treated with methylglyoxal- 
bis(guanylhydrazone) (MGBG). MGBG is an antileukemic agent 
which also inhibits SAMD and spermidine accumulation (103). 
Normal protein and RNA synthesis occur in the presence of 
MGBG but incorporation of (methyl-^H) thymidine into DNA 
and the rate of entry of cells into mitosis is inhibited by 
60$* The effect of MGBG on DNA synthesis is probably due 
to the effect of the drug on polyamine biosynthesis, since 
reversal of inhibition of DNA synthesis can be achieved by
11
exogenous spermine or spermidine; the addition of MGBG- to 
cells with a full complement of polyamines has no effect on 
DNA synthesis. Also, the inhibition of DNA synthesis by MGBG 
shows the same dose-response relationship as does inhibition 
of polyamine synthesis. The authors conclude that spermidine 
and spermine are required for optimal DNA synthesis. The 
initiation of synthesis of DNA is not affected by the presence 
or absenoe of MGBG.
MGBG inhibits SAMD, but allows putrescine to accumulate.
Mamont and his colleagues (62) have studied the role of
polyamines in DNA synthesis using oC-raethylornithine, a potent
competitive inhibitor of ODC. Dilution of rat hepatoma
tissue culture cells with serum-supplemented medium results
in a biphasic increase in ODC activity and concomitant
increases in cellular concentrations of putrescine and spermidine.
When the inhibitor was added to cultures immediately after
dilution, increased polyamine concentrations were not evident.
In control cells, stimulated to proliferate in the absence
3
of <£. -methylornithine, two peaks of ■'H-thymidine incorporation 
were observed. When inhibitor was added after dilution of 
cells, the first peak of DNA synthesis was not affected, 
but the second peak did not occur. Cell division, after a 
lag period of one cell cycle, was significantly depressed in 
the inhibitor-treated cells. Resumption of cell proliferation 
could be brought about by the addition of exogenous putrescine 
or spermidine, but not cadaverine or 1,3-propanediamine.
Very recently Poso et al. (63) provided further evidence
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implicating polyamine synthesis as a necessary prereplicative 
event. Rats subjected to partial hepatectomy showed a 
marked increase in liver DNA synthesis within 24 hours of 
the operation, as well as earlier increases in ODC activity 
and polyamine accumulation. Repeated IP administration 
of 1,3~ProPan©d-:*'am^ne effectively eliminates the increased 
ODC activity and polyamine accumulation seen in the liver 
remnant of uninjected rats (10, 63) » and inhibits post­
operative DNA synthesis by about 80# (63). There were no 
significant differences in RNA or protein synthesis that 
could be attributed to propanediamine injections.
F. Polyamines and Cancer
In light of the apparent relationship between polyamines 
and growth and development, it is not surprising to find that 
polyamines have long been associated with cancer. Reports of 
altered polyamine metabolism in cancer date back over a 
century, with increased polyamine concentrations having been 
reported in several mouse tumors including carcinomas and 
hepatomas, as well as in human brain tumors (64, 65).
In 1971 Russell (66) reported increased urinary polyamine 
concentrations in human patients with a variety of cancers.
Since then there has been much discussion of the techniques 
used to detect polyamines in urine. A substance that 
co-chroraatographed with spermine in the original paper 
electrophoretic method led to overestimations of polyamine 
elevations in some of the early work (65)• It has since 
been shown by a number of reliable methods, including TLC,
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that polyamine concentrations are elevated in the urine of 
human cancer patients, although less dramatically than 
originally reported (65).
Russell has also reported elevated serum polyamines 
in tumor bearing rats (67), and has suggested polyaraines 
as biochemical markers of tumor regression, as spermidine 
is released from tumors to the serum of rats treated with 
5-flurouracil (68). Marton has reported increased concentrations 
of polyamines in cerebrospinal fluid of human patients with 
glioblastoma or medullablastoma (69).
The synthesis and accumulation of polyamines have 
been studied in transplantable tumors of varying growth 
rate. Williams-Ashman et al. (11) studied polyamine metabolism 
in Morris hepatomas implanted in the thighs of rats. All 
but the most slowly growing tumors showed increased spermidine 
accumulation compared to normal or host liver. Putrescine 
levels were also increased and were increased 5 to 10-fold in 
the most rapidly growing tumor lines. Spermine concentrations 
were not significantly different in the tumors. ODC activity 
was significantly increased in all but the most slowly 
growing tumors. There was no apparent linear correlation 
between ODC activities and growth rates, but enzyme activity 
was generally higher in the more rapidly growing tumor 
lines. SAMD activity was lower in hepatomas than in normal 
or host liver.
Polyamines were also studied in mice inoculated with 
Ehr-lich ascites tumors (70). Putrescine concentrations
1^
increased during the period of increasing tumor mass and 
decreased just before tumor size became static. In contrast 
to the case of the transplantable Morris hepatomas, Ehrlich 
ascites tumors implanted IP influenced polyamine concentrations 
in the host liver. The spermidine concentration in host 
liver reflected increased growth of the tumor mass elsewhere 
in the body.
More recently Heby ejfc al. (71) examined polyaraine 
metabolism and growth rate in a N-nitrosoraethylurea-induced 
rat brain tumor cell line. The activities of ODC and SAMD, 
as well as the concentrations of spermidine, exhibited 
maxima during periods when the cells were growing exponentially, 
and decreasing enzyme activities and spermidine content when 
the rate of cell division decreased. There was a linear 
relationship between each of these parameters and specific 
growth rate.
Pariza and his coworkers (72) have measured ODC 
activity and DNA synthesis in two Morris hepatomas implanted 
in rats entrained to controlled feeding and lighting 
schedules. Hepatoma 5123-C, moderately growing, minimum- 
deviation hepatoma, showed diurnal oscillations in ODC 
activity followed by periods of increased DNA synthesis.
Rats bearing hepatoma 7800 did not show these diurnal 
oscillations, even though its growth rate was similar to 
hepatoma 5123-C. ODC activity in hepatoma 7800 was less 
than that of 5123-C at all times tested.
There is also evidence that polyamine metabolism is
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altered as a result of virus-induced transformations. Don 
et al. (73) studied polyamine concentrations in chick embryo 
cells and found that transformation by Rous sarcoma virus (RSV) 
was accompanied by a tripling in cellular putrescine or 
spermidine. Investigating the effects of other viruses on 
polyamine levels, Don found that nononcogenic viruses did not 
affect polyaraine metabolism. A mutant of RSV will transform 
cells at 37°C (permissive temperature) but not at U2°C 
(nonpermissive temperature). The T5 mutant replicates at the 
same rate as the wild-type virus, and the rate of replication 
is not influenced by changing temperature. At permissive 
temperatures the transformed cells contain elevated polyamine 
levels, while at the nonpermissive temperature polyamine 
concentrations are more like those in normal cells. The 
authors conclude that altered polyaraine levels are due to 
transformation and not a reflection of viral replication.
Further studies on the ODC activity of normal and 
transformed cells were done in the same laboratory (7*0 •
ODC activity was increased in chick embryo fibroblasts 
upon infection by RSV, and these increases occurred 2k hours 
before any morphological changes could be detected. By 5 days 
post-infection, transformed cells had an ODC activity 20 times 
that of uninfected controls of the same age. Infection 
with the T5 mutant of RSV caused an increase in ODC activity 
at permissive (37°C) but not at nonpermissive (J*2°C) temperature.
Within the past few years polyamines have been 
associated with cancer in another way. The experimental
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induction of skin tumors in mice is achieved in two stages; 
an early initiation stage, followed by a later stage of 
promotion. Extensive experiments on the biochemistry of the 
two-stage skin tumor system have been performed by Boutwell 
(75). He has theorized that the essential function of tumor 
promoting agents is gene activation: treatment of an animal
with an initiating dose of a carcinogen causes permanent but 
unexpressed genetic changes at the cellular level, and treatment 
with promoter causes these genes to be expressed. The result 
of this altered phenotypic expression is altered metabolism, 
altered morphology, and eventually tumor formation.
Other reports from the same laboratory (76) have
shown that the sequence of events occurring in mouse epidermis
after a single topical application of croton oil or one of
its constituents promoting phorbol esters is increased
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incorporation of Pi into skin phospholipids, increased 
protein, RNA, and DNA synthesis, and cell division. In 1975 
O'Brien et al. (77) reported that proceeding all of these 
events was a marked increase in ODC activity of epidermal 
homogenates from promoter-treated mice. A single, topical 
application of croton oil or one of its active components 
caused a 100 to 230-fold increase in ODC activity within four 
hours of treatment. Increases in SAMD were also seen, but they 
were much smaller and occurred much later. Phorbol, the 
nonpromoting parent alcohol of 12-0-tetradecanoyl-phorbol- 
13-acetate (TPA) did not effect ODC activity. Increased 
enzyme activity was sensitive to cycloheximide treatment
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and slightly sensitive to cordycepin treatment, indicating 
that increased ODC activity probably required de novo 
protein synthesis and may also require new RNA production.
Just prior to increased enzyme activity following TPA 
treatment there was an increase in phosphorylation of epidermal 
histones (78)*
Further study by the same group showed that the 
observed increases in epidermal ODC activity were specific 
for promotion (79). The magnitudes of the increased ODC 
activity elicited by a series of phorbol-esters were 
proportional to the tumor-promoting capacity of the compounds 
tested. Other promoters unrelated to the phorbols also 
caused elevated enzyme activity in epidermis shortly after 
treatment, while hyperplastic agents which were not promoters 
did not stimulate ODC. Subcarcinogenic initiating doses of 
7,12-dimethylbenz(a)anthracene (DMBA) did not increase ODC 
activity while larger doses capable of accomplishing both 
initiation and promotion were stimulatory. ODC activity 
increased every time after chronic administrations of TPA, 
the magnitude of the increase increasing to 600-fold after 
8 applications. Increased enzyme activity was evident in 
the resulting tumor tissue (79)•
The authors concluded that these increases in mouse 
epidermal ODC are specific for promotion. A transient spike 
in ODC activity also occurs in uninitiated cells, but only 
those cells which had undergone initiation would maintain 
high levels of ODC activity after repeated promoter treatment.
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Sustained increases in ODC could result in increased polyamine 
production thus conferring a selective growth advantage to 
the cell.
Thus a tumor promoter cannot cause tumors by itself 
but is necessary to complete the process begun by the 
initiator. It is effective in eliciting tumors only when 
given after the initiator (75)•
In contrast to the large body of evidence which has 
accumulated supporting the two-stage system of mouse skin 
carcinogenesis, there have been few reports on the promotion 
of systemic tumors induced by chemical carcinogens. Peraino 
et al. (80) reported that prolonged feeding of phenobarbital 
led to an earlier and more extensive incidence of liver tumors 
in rats initiated with 2-acetylaminofluorene (AAF). As 
was the case with promoters in the skin system described 
above, phenobarbital was only effective in increasing tumor 
incidence when given after treatment with carcinogen.
Weisburger and his colleagues (81) have studied the 
promotional effects of phenobarbital (PB) in rats initiated 
with the potent carcinogen diethylnitrosamine (DENA).
Rats were fed DENA in the drinking water for periods ranging 
from 1-10 weeks. DENA was removed and after a one week 
latent period, experimental diets containing phenobarbital 
were begun. These rats showed a nearly five-fold increase 
in the incidence of hepatocellular carcinomas compared to 
animals which had not received PB. Rats fed PB concurrently 
with DENA actually showed decreased tumor incidence. Although
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the response of ODC activity and polyaraine concentrations 
in such a promotional protocol has not until now been studied, 
there is evidence that IP injection of PB into rats does 
cause a transient increase in liver ODC activity (82),
One more line of evidence indicates a possible 
essential role for polyamine biosynthesis in the cancer process.
At least two carcinostatic drugs, methylglyoxal bis(guanylhydrazone) 
(MGBG), and 5-azacytidine have been shown to inhibit or depress 
polyamine metabolism. MGBG has been shown to temporarily 
inhibit SAMD activity and spermidine accumulation (83), 
while 5-azacytidine repressed the increases in ODC and SAMD 
activities normally seen in leukemic mice (84).
Takeda et al. (85) have shown that inclusion of 5$ 
L-arginine in the diet of rats one week prior to injecting 
of a single carcinogenic dose of DMBA significantly decreased 
the incidence of mammary tumors. There was some indication 
that polyamine synthesis was depressed in animals fed the 
arginine-enriched diet.
Very recently Kallistratos and Passke (86) published 
data showing a significant decrease in the incidence of liver 
tumors induced by 3»4-benzopyrene when putrescine was 
injected along with the carcinogen at a dose of 400-600 mg/kg 
body weight.
G. Regulation of ODC Activity
The most active and exciting areas of current polyamine 
research are studies on the regulation of ODC. ODC catalyzes 
the decarboxylation of L-ornithine (9). Stoichiometric
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production of putrescine and CO2 is observed in purified 
enzyme preparations, but not in crude homogenates (87) •
While enzyme activity has been detected in many mammalian 
tissues, the low activity usually seen in unstimulated tissues 
has hampered efforts to purify the enzyme.
ODC has been purified to apparent homogeneity from 
rat prostate (87), regenerating rat liver (88), thioacetamide- 
treated rats (89) and MIX-treated rats (90) using an RNA 
polymerase I affinity chromatography column. The extents of 
purification were 300-fold from prostate, 175-fold from 
regenerating liver, 5,000-fold from thioacetamide rats and
2.000-fold from MIX-treated rats.
Activity was increased in the presence of dithiothreitol 
(87, 88, 89), which apparently prevented dimerization and 
concomitant inactivation of ODC (87). The purified enzyme 
has no metal-ion requirements, has a Km for L-ornithine of 
0.1-0.22 mM (87, 89), and a pH optimum of 7.2 (87). Pyridoxal- 
5-phosphate appears to be a coenzyme of ODC (87, 89) and 
is required for activity even in crude extracts. Sucrose 
density gradient and molecular sieve chromatography measure­
ments indicate a molecular weight for the enzyme of between
65.000-100,000 for the enzyme in the presence of DTT
(87, 88, 89). If the reducing agent is not included during 
the purification procedures, the apparent molecular weight 
doubles (87). This apparent dimer is catalytically inert (87). 
Small molecular weight effectors such as urea cycle intermediates, 
SAM or nucleotide-triphosphates had no effect on ODC activity
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at concentrations of 1 mM (87). Putrescine was a weak competitive 
inhibitor of purified ODC with a of 1 mM (87» 89).
ODC activity in animal tissues fluctuates in response 
to a variety of stimuli (91). In the rat liver ODC activity 
increases 70-fold in response to partial hepatectomy (92).
Growth hormone greatly increases liver ODC activity (93* 9*0. 
as do a number of other hormone treatments (95). Other 
stimuli which cause an elevated hepatic enzyme activity include 
treatment with the weak carcinogen thioacamide (96), 
phosphodiesterase inhibitors (97). amino acid infusion (53), 
and drugs suoh as phenobarbital (82). ODC activity displayed 
diurnal oscillations in rats fed ad libitum (87).
Some of these stimuli inducing ODC activity were 
associated with growth phenomena, but increases in enzyme 
activity could be brought about as the result of stimuli 
not associated with growth and cell division (58). It has 
been suggested that the ODC response in growth situations is 
characterized by the biphasic nature of the increase in 
activity resulting from these stimuli, and that the second 
peak of activity, usually occurring 7-12 hours after treatment, 
may be related to replication. The earlier increases were 
seen to be less specific (59). The magnitude of increased 
activity was also higher in growth-division situations (91).
In most of these systems ODC activity increased and 
decreased sharply. Investigations into the decline in ODC 
activity after treatment with inhibitors of protein synthesis 
such as cyclohexiraide indicated a short biological half-
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life for ODC (56, 98). These facts suggested that ODC 
activity is finely regulated.
There have been many reports in the literature 
concerning the mechanism of ODC stimulation. Growth hormone 
injected IP causes an increase in polyamine biosynthesis in 
the rat liver (5*0. Increased ODC activity, putrescine 
accumulation and spermidine could be prevented by injecting 
actinomycin D simultaneously with growth hormone. Actinomycin D 
also blocked ODC increases when administered at the same time 
as partial hepatectomy (52, 99) but not when given 1 hour 
after the operation (99)» suggesting that the synthesis of a 
new, fairly stable RNA is necessary for ODC stimulation.
Similar actinomycin D effects have been observed in other 
systems (53* 99). When ODC activity increased in a biphasic 
manner actinomycin D was ineffective in blocking the later 
increases if given after the first peak has occurred (99).
Inhibitors of protein synthesis have been effective in 
blocking ODC activation in a number of systems. Puroraycin 
given simultaneously with growth hormone blocked the increased 
activity normally seen in hormone-treated animals (5**).
Puromycin also blocked ODC activity increases after partial 
hepatectomy (52) and amino acid infusion (53) • Cycloheximide 
effectively blocked increases in ODC activity normally elicited 
by infusion of glucose or mannitol, or by partial hepatectomy 
(58, 99)• Those results suggest that increases in ODC 
activity involve synthesis of new enzyme protein. Recently 
it has been shown that L-( ^ C)-leucine incorporation into
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protein precipitable with antiserura specific for ODC is 
increased after partial hepatectomy (100),
Adenosine-31,5*-monophosphate (cAMP) may be involved 
in the hormonal stimulation of ODC. Byus et al. (101) have 
studied the relationship between cAMP and ODC stimulation 
in the adrenal medulla of rats. Both exposure to cold and 
administration of aminophylline (an inhibitor of phosphodiesterase 
activity) caused 10 to 20-fold increases in cAMP within an 
hour followed shortly thereafter by approximately 10-fold 
increases in ODC activity. Byus suggests that cAMP affects 
ODC activity through its effects on the activity of a cAMP- 
dependent protein kinase, possibly through phosphorylation of 
nuclear proteins resulting in increased transcription. 
Administration of reserpine at varying doses caused ODC and 
cAMP-dependent protein kinase activities to increase in a 
1:1 relationship (102).
Others have found that exogenous dibutyryl-cAMP 
increases ODC activity in normal rats, and that puromycin 
potentiates this effect (103)• Puromycin administration to 
normal rats stimulated ODC activity. Simultaneous administration 
of puromycin and dibutyryl-cAMP caused an initial decline, 
and then a marked stimulation of ODC activity. The authors 
theorized that this effect could be explained by a protein 
inhibitor of ODC which is more sensitive than the enzyme to 
the effects of puromycin. The inhibitor's synthesis would 
continue to be repressed when the effect of the drug began 
to wear off, while enzyme synthesis resumed.
ODC activity is also very sensitive to environmental 
factors, such as food and light. Hayashi et, al. (10*0 
demonstrated a diurnal increase in ODC activity in rats fed 
ad libitum. Low enzyme activity in starved rats could be 
markedly increased upon refeeding protein or by injection of 
growth hormone. Six hours after the diurnal ODC peak was a 
daily increase in DNA synthesis (10*0. Schrock et al. (58) 
have also reported small increases in ODC activity and DNA 
synthesis after refeeding protein to starved animals. Others 
have studied ODC activity in rats adapted to controlled 
feeding and lighting schedules, and have confirmed the 
sensitivity of ODC activity to variations in protein intake 
and other factors (105» 106).
McAnulty et al. (107) recently described dramatic 
increases in ODC activity during recovery from growth 
restriction due to nutritional deprivation. Refeeding protein 
to such animals initiated recovery, which is characterized 
by increased liver size. ODC activity in these animals is 
elevated for as long as 20 days of recovery.
Short et al. (93) have studied the effects on DNA 
synthesis of refeeding protein to rats previously fed a 
zero-protein diet for short periods of time. Increases in 
^H-TdR incorporation into DNA were dependent upon protein 
content of the diets. Increased incorporation of label was 
proportional to the number of nuclei forming DNA (containing 
label), and to the number of hepatocytes undergoing mitosis. 
This refeeding response could be abolished by including
25
protein in the diet prior to refeeding with a higher level 
of protein. As previously mentioned, such a system involves 
as an early event a biphasic increase in ODC activity, with 
peaks at 3 and 10 hours (59).
Regulation of ODC activity increases by its immediate 
and ultimate products has become an interesting area of study.
Injections of putrescine were shown to inhibit 
increases in ODC activity normally seen in regenerating rat 
liver (58, 98). The diamine has also been shown to competitively 
inhibit ODC activity in vitro (9» 87). Putrescine or spermidine 
effectively inhibited ODC activity increases seen after 
growth hormone injection (98). Spermidine also slightly 
blocked SAMD increases (98). The concentration of product 
in liver necessary to achieve inhibition of ODC activity is 
not markedly greater shortly after injection than that 
achieved in stimulated systems such as regenerating liver 
(98). Spermine and spermidine prevented increases in rat 
hepatoma cell cultures elicited by dibutyryl cAMP, but not 
those caused by dexamethasone treatment (100, 108).
In 1976 Poso et; al. (10) reported that injections 
of 1,3-diaminopropane (PD) into partially hepatectomized rats 
inhibited ODC activity in vivo. The inhibitor did not effect 
ODC activity in vitro. Chronic administration of PD to 
rats after partial hepatectomy prevented the accumulation 
of spermidine characteristic of the liver remnant. PD 
could not replace putrescine in the synthesis of the higher 
polyamines. The inhibitor did not decrease SAMD or spermidine
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synthase activities, indicating that increased spermidine 
concentration is dependent on increased ODC activity and 
putrescine production.
Workers in the same laboratory have postulated 
that diamines regulate ODC activity through two mechanisms 
during liver regeneration (109). Early injections of PD 
prevented gene activation, while later injections apparently 
prevented translation of existing messenger.
Recently there have been reports of a new and 
possibly unique regulatory mechanism involving inhibition of 
ODC by an "ODC-antizyme". The antizyme is a protein inhibitor 
which is induced by high concentrations of putrescine or other 
polyamines (110, 111). Antizyme has been detected in L1210, 
neuroblastoma (ill) and H-35 rat hepatoma cells (110), as 
well as rat liver (ill).
The ODC-antizyme is nondialyzable, has a molecular 
weight of 26,500 estimated from Sephadex chromatography 
using bovine albumin, beef chymotrypsinogen A and horse 
heart cytochrome c as standards (110). It is heat and trypsin 
sensitive (ill), and its induction is inhibited by cycloheximide, 
while actinomycin D only partially blocked its appearance. The 
antizyme's biological half-life is low, similar to that of ODC.
The ODC-antizyme is apparently a non-competitive 
inhibitor of ODC, and acts by forming an enzyme-antizyme 
complex which is stable to sephadex chromatography. Treatment 
of the complex with (NH^JgSO^ dissociates the enzyme-antizyme 
complex with enzyme and antizyme activities intact (ill).
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It is possible that a protein inhibitor of this sort 
could play an important role in the regulation of enzyme 
activity, but its physiological significance has yet to be 
studied. High tissue concentrations of putrescine are 
required for antizyme induction. Indeed there exists some 
controversy over the role of the antizyme response in the 
control of ODC activity (109* 112).
The objective of these experiments was to examine 
the polyamine system in response to carcinogen treatment, 




A. Animals and Diets
Animals used in these studies were male Sprague- 
Dawley rats (Gofmoor Farms, Westboro, Massachusetts) 
initially weighing 80-100 g. Four to six animals were 
housed in wire-floored cages in a temperature controlled 
(70°i2°F), humidity controlled (50$l5$), windowless room.
The lighting cycle was reversed (dark cycle 6 A.M.-6 P.M.; 
light cycle 6 P.M.-6 A.M.) to facilitate refeeding and 
sacrifice during the dark cycle. For at least one week 
prior to the imposition of experimental diets, rats were 
fed a pelleted diet (Charles River Mouse-Rat-Hamster 
Formula, 26$ protein) and distilled water ad libitum.
The protein-free diet consisted of 89$ dextrose,
5$ Phillips-Hart Mineral Mixture (Teklad, Madison, Wisconsin), 
5$ corn oil and 1$ Vitamin Fortification Mix (Teklad). The 
protein-supplemented diets contained either 15$ or 25$ 
casein (Teklad) substituted for an equivalent amount of 
dextrose in the above mixture. In some experiments, as 
noted in the figure and table legends, pelleted diet was 
used instead of the defined 25$ casein diet. All defined 
diets were prepared in this laboratory.
In the protein cycling experiments, animals previously 
maintained on pelleted, 26$-protein diet were given the 
protein-free diet for three days. After this 3-day period
of protein-deprivation, and at the beginning of the next 
day's dark cycle, animals were refed protein-containing diet. 
Diet was offered for 8 hours after which the food was removed 
•from the cages and the animals were fasted for 16 hours. This 
"8+16" feeding protocol was repeated for 3 days. In the long­
term studies the three day period without protein and the 
subsequent three day "8+16" schedule of protein refeeding were 
repeated for the number of weeks indicated in the tables and 
figure legends.
B. Ornithine Decarboxylase Activity
Ornithine decarboxylase (ODC) activity was measured 
as described previously (113). Animals were stunned by a 
blow to the neck and then decapitated and exsanguinated.
Liver and kidneys were quickly removed and immersed in ice- 
cold homogenization medium consisting of 0.3 M sucrose and 
0.3 mM EDTA. Liver (20$) and kidney (10$) homogenates 
were prepared in the same medium utilizing a Potter-Elvehjem 
homogenizer and centrifuged at 100,000 g for 30 min. Enzyme 
activities of the supernatants were determined by measuring 
the release of ^ C0g from DL-(l-^C) ornithine. Incubations 
were carried out in 12 ml centrifuge tubes equipped with a 
rubber septum-polyethylene center well assembly containing 
50 ji 1 of NCS Solubilizer (Amersham/Searle) on a 1 cm^ folded 
filter paper as a CO^ trapping agent. Each assay tube was 
50 mM Tris-HCl, pH 7.2, 10 mM EDTA, 1 mM dithiothreitol 
(DTT), 0.04 mM pyridoxal phosphate, 1 mM L-ornithine 
monohydrochloride containing 0.1 p d  DL (l-lZ|C) ornithine
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monohydrochloride (New England Nuclear, 30 mCi/mmol) and 
0.2 ml of tissue supernatant in a final volume of 0.25 ml. 
Incubations were carried out for 1 h at 37 0 in a shaking 
water bath. The reaction was terminated and COg was released 
from the assay medium by the addition of 0.25 ml of U N HgSO^; 
the incubation was continued for another 30 min to insure 
complete absorption of the 1^C02 by the trapping agent.
The filter paper was transferred to scintillation vials 
containing 5 ml of toluene-Omnifluor (New England Nuclear) 
and radioactivity was measured in a Packard Tri-Carb liquid 
scintillation counter at an average efficiency of 80$. All 
enzyme activities were corrected by using a blank containing
0.2 ml of supernatant which had been heat-inactivated at 
100°C for 10 min and assayed as above. Activity is reported 
as pmol COg/h/mg protein.
C. Protein Determinations
Protein content of the 100,000 g supernatants of 
tissue homogenates was determined by the method of Lowry 
et al. (114) utilizing bovine serum albumen (BSA) as a standard,
D. Polyamine Determinations
Polyamine determinations were performed on perchloric 
acid extracts of tissues. The tissue was quickly removed and 
chilled on ice. A 20$ homogenate was made in water using a 
Dounce homogenizer. An equal volume of chilled o.l* Nperchloric 
acid (PCA) was added to give a final concentration of 0.2 N 
PCA. The homogenates were mixed on a Vortex mixer and were 
stored overnight at U°C. Homogenates were centrifuged at U°C
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at 1,500 rpm for 15 min, and the clear supernatants containing 
the polyamines were decanted into plastic storage vials, 
capped, and frozen until analyses were to be performed.
The analysis of polyamines was performed by the 
modification of Seiler's dansyl procedure (115) previously 
described (116). The PCA extracts were thawed and to 0.2 ml 
of these extracts was added 0.4 ml of the 10 mg/ml acetone 
solution of dansyl-chloride (1-dimethylaminonapthalene- 
5-sulfonylchloride), and 30 mg anhydrous NaHC0^« Th® mixture 
was incubated overnight on a shaking apparatus in the dark 
at room temperature after which 0.1 ml of an aqueous solution 
of L-proline (100 mg/ml) was added to each reaction tube and 
shaking was continued far 1 h. Acetone was removed in vacuo 
and the dansyl-amine derivatives were extracted with 0.5 ml 
spectral grade benzene. Each tube was shaken for 30 seconds 
and the mixture was separated into two phases by centrifugation. 
The upper benzene layer containing the danysl-polyamines was 
removed and stored in a capped tube at -20°C.
Microliter quantities of the benzene extract were 
applied with a Hamilton micro-syringe to silica gel TLC 
plates which had been heat-activated at 100°C for 1 h. In 
later experiments Quanta/Gram QLD (15 channel) or Quanta/Gram 
QL6D (19 channel) TLC plates were used. The dansyl derivatives 
of the polyamines were separated chromatograph!cally with 
ethylacetate-cyclohexane (2:3 v/v) in the dark, at room 
temperature. After air drying the plates were sprayed with 
approximately 10 ml/plate of triethanolamine-isopropanol
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(lsU v/v) and put in a vacuum oven at 25°C for 1 h.
Fluorescence was measured with, a Turner Model 111 
fluorometer utilizing Turner "longwave" light source no 110—850, 
primary filter No. 7-37, and secondary filter No. 2^-12.
The fluorometer was equipped with a TLC-scanner and a 10-inch 
Perkin-Elmer (Hitachi) recorder. Quantification of polyamines 
was achieved by measuring the height of the symmetrical 
fluorescent peaks. The peak heights were related to polyamine 
concentrations in a linear manner. Concentrations were 
determined by comparing the peak heights of samples to those 
for standard dansyl-polyamines included on each plate.
E. ^H-Thymidine Incorporation into DNA
The labelling of tissue DNA with ^H-thymidine was 
determined at one hour following the intraperitoneal injection 
of 10-20 ^Ci (me-^H) thymidine (New England Nuclear, 6.7 Ci/ramol)
in 0.5 ml sterile saline. DNA extraction was performed by a
modified Schmidt and Thannhauser procedure (117)• Two grams 
of tissue were homogenized in 8 ml of 0.2 N PCA and after the 
removal of lipid components with ethanol and hot ethanol-ether 
washes, and after alkaline hydrolysis of RNA, DNA was extracted 
from the precipitate with heated (65°C) PCA. The DNA content 
of these extracts was determined by Burton's modification of 
the diphenylamine reaction (118). Reactions were carried 
out for 17 h at 30°C, and the absorbance of each sample at
600 nm was compared to a standard curve prepared from known
amounts of calf thymus DNA treated in the same manner. An
aliquot of each sample was measured for radioactivity in
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Aquasol counting fluid (New England Nuclear) in a Packard 
Tri-Carb liquid scintillation counter.
F. Administration of Carcinogens
Nitrosamines were administered to rats by intra- 
peritoneal (IP) injection or in the drinking water. In 
early experiments animals were injected with 90 mg/kg of 
diethylnitrosamine (DENA) in sterile 0.9$ saline. Dimethyl- 
nitrosamine (DMNA) was given in single doses of either 
25 mg/kg or 60 mg/kg in 0.5 ml sterile saline. In most 
cases DMNA injections were given to animals which had been 
maintained on protein-free diet for 1 week. This protocol 
was shown by McLean £t al. (119) to reduce the acute hepatotoxic 
effects of the carcinogen, but to increase its carcinogenic 
effect in the kidneys.
For tumor promotion and tumor inhibition studies 
animals were given DENA (1*0 ppm) in the drinking water.
In tumor promotion experiments rats were given such DENA 
solutions ad libitum for 4 weeks. Such a protocol was shown 
by tfeisburger et al, (81) to be highly specific for the 
induction of liver tumors, producing hepatocellular carcinomas 
in 13$ of the animals within 20 weeks. In tumor inhibition 
experiments rats were given the same solution of DENA ad libitum 
for 10 weeks. This extended period of carcinogen administration 
produced liver tumors in 100$ of the animals within 20 weeks 
(81).
G. Administration of Inhibitors of ODC
Putrescine was injected (IP) at a dose of 750 jimol/kg
3k
body weight in 0.5 ml of sterile saline. Propanediamine 
(PD) was either injected at the same dose, or given orally 
in the drinking water at a level of 0.2$. Spermidine was 
injected at a dose of 500 jimol/kg. The dose of spermidine 
was reduced because of the severe toxicity of the polyamine.
Even at the reduced dose injections of spermidine caused 
erythema at the sight of injection, and three such injections 
caused the animals to become prostrate.
H. Preparation and Assay of ODC-Antizyme
ODC-antizyme activity was induced in rat liver 
essentially as described by Heller et; al. (111). Animals 
were given three IP injections of saline solutions of 
putrescine (750 pmol/kg), •propanediamine (750 ^ mol/kg), or 
spermidine (500 ^ mol/kg) at hourly intervals. Animals were 
sacrificed two hours after the last injection and liver 
tissue was quickly excised and immersed in ice cold homogenization 
medium containing 10 mM Tris*HCl, pH 7*2, 250 mM sucrose,
1 mM EDTA,0.05 mM pyridoxal phosphate and 10 mM 2-mercaptoethanol. 
Livers were homogenized (25$) in this medium, and centrifuged 
for 30 min at 100,000 g. The supernatants were dialyzed 
overnight at U°C against 50 volumes of the same buffer without 
the sucrose, with one change of buffer during the night. The 
dialyzed supernatants were transferred to plastic tubes and 
frozen until antizyme assays were to be performed.
Antizyme activity was measured against a partially 
purified preparation of ODC. Enzyme activity was induced 
in rat liver by the protein-cycling regimen, and animals
were sacrificed at the time of peak liver ODC activity.
Liver homogenates (25%) were made in 10 mM Tris’HCl, pH 7.2,
250 mM sucrose, 1 mM EDTA, 0.05 mM pyridoxal phosphate, and 
10 mM 2-mercaptoethanol. Homogenates were combined and 
mixed, then centrifuged at 100,000 g for 1 h. The volume 
of supernatant was measured and brought to 20% saturation 
with (NHj^gSO^ by the gradual addition in the cold of 108 g 
of the salt per 100 ml of supernatant. After centrifugation 
at 2,000 rpm, 15 rain, the precipitate was discarded and 
180 g of solid (NH^)2S0^ was added to 100 ml of supernatant 
to bring the solution to 50% saturation. Ihe precipitate 
from this step was dissolved in a 1-3 ml of the homogenization 
buffer minus the sucrose, then dialyzed overnight against 
this buffer. The dialyzed supernatant was divided into 
small aliquots and frozen at -70°C until used.
ODC-antizyme activity was determined by adding 
increasing amounts of the antizyme supernatant to fixed 
amounts of the enzyme preparation. The enzyme preparation 
(25-50 ^ il) was added to 12 ml centrifuge tubes containing 
50 mM Tris*HCl, pH 7.2, 0.1 mM EDTA, 1 mM DTT, 0.04 mM 
pyridoxal phosphate, 0.2 mM L-ornithine monohydrochloride 
containing 0.1 jaCi DL-(l-^C) ornithine monohydrochloride 
(30 mCi/mmol). Dialyzed antizyme supernatants (0-150^1) 
were added and volumes were equalized by the addition of 
freshly prepared buffer. In all cases the antizyme preparations 
were added last. ■ The release of ^ C 02 was determined in the 
usual manner. The 31I aliquots necessary to achieve 50%
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inhibition of enzyme activity were determined from these 
results.
I. Pathology
Representative tissue sections were obtained from 
appropriate groups and fixed in buffered formalin (100 ml 
37# Formalin, U g NaH2P0^, 6.5 g NagHPO^ in 900 ml HgO). 
Histological examination was performed by Dr. L. Stackhouse, 
University of New Hampshire. Tumor pathology was assessed 
in accordance with the National Cancer Institute "Report of 
a Workshop of Classification of Specific Hepatocellular 
Lesions in Rats" (120). '
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RESULTS
A. Changes in Tissue ODC and Polyaraines following Carcinogenic 
Doses of N-Nitrosamines
Ornithine decarboxylase activity is sensitive to 
a number of environmental stimuli. Fausto (96) has shown 
that ODC activity and polyamine accumulation in the liver 
increased dramatically 2k hours after rats were injected 
with thioacetamide, a weak hepatocarcinogen. Since the 
maintenance of elevated ODC activity has been observed in 
tumor tissue (64, 65), it was of interest to examine the 
course of ODC activity and polyamine concentrations in target 
tissues at intervals after the administration of chemical 
carcinogens.
Diethyl (DENA) and dimethylnitrosamine (DMNA) were 
chosen for several reasons. They are highly specific for 
inducing tumors in their "target" tissues: chronic IP
administration of DENA produces liver tumors (121), while a 
single IP injection of DMNA is capable of eliciting kidney 
tumors in high yield (119). Nitrosamine injection alters 
nucleic acid metabolism (122). A single dose of DMNA is 
toxic to the liver, but produces tumors in the kidneys of 
rats. While protein and RNA synthesis are sharply depressed 
in the liver within 5 h after DMNA injection, multiphasic 
increases in kidney RNA and DNA synthesis were seen to persist 
for several days.
1, ODC and Polyamine Response to Multiple Doses of DENA
ODC activity and polyamine concentrations were 
determined in the liver and kidney of animals injected with 
solutions of DENA in saline. Animals were injected weekly 
with either isotonic saline or DENA (90 mg/kg), and sacrificed 
two weeks after either two or four injections. Two carcinogen- 
treated animals died shortly after each of the first 3 weekly 
injections for a total mortality of 6/30 animals. Two of the 
12 saline-treated animals died during the same span.
As indicated in Table 1, animals treated with DENA 
demonstrated elevated liver ODC two weeks after either two 
or four injections of the carcinogen. Such differences 
between saline and DENA-treated animals were not seen in 
the kidneys. Liver polyamine concentrations (Table 2) 
were not consistently affected by DENA injections. There 
was no gross liver pathology evident at the time of sacrifice.
2. ODC and Polyamine Response to a Single Dose of DMNA
A single 30 mg/kg dose of dimethylnitrosamine (DMNA) 
leads to kidney tumors 11 months later in 20$ of the rats 
(119). If animals are maintained on a protein-free diet for 
1 week prior to and for one week following an injection of 
DMNA, the acute hepatotoxic effects of the compound are 
reduced (119). As a result, mortality is halved, and animals 
maintained on such a protein-free-protocol are able to 
withstand increased dosage of the carcinogen.
During these experiments in our laboratory animals 
given protein-free diet lost 20-25 g of their 100-125 g
TABLE 1
ODC ACTIVITY AFTER MULTIPLE INJECTIONS WITH DENA
Rats (lOOg) were injected 2 or 4 times at weekly 
intervals with either 0.9 ml sterile saline or an equivalent 
volume of saline containing DENA (90 mg/kg). Animals were 
sacrificed two weeks after the final injection and ODC 
in the supernatant fraction of liver and kidney homogenates 
was assayed as described in the text.
Results are mean 1 SEN of number of animals indicated 
in parentheses.
NUMBER ODC ACTIVITY (praol C02/h/rag)
OF
INJECTIONS GROUP LIVER KIDNEY
2 SALINE (5) 0.15*0.11 I6l±68
2 DENA (8) lf.20±1.00 k65±120
k SALINE (5) 0.532:0.36 1*01±95
It DENA (6) it. 56+1.52 43^*99
1*0
TABLE 2
LIVER POLYAMINE CONCENTRATIONS AFTER MULTIPLE INJECTIONS 
WITH DENA
Polyamines were extracted and analyzed as described 
in the text. Results are expressed as mean t SEM of 




INJECTIONS GROUP S SD
2 SALINE (4) 0.73*0.09 0.57*0.04
2 DENA (8) 0.75*0.04 0.62*0.04
4 SALINE (1*) 1.01+0.05 0.62±0.07
4 DENA (6) 0.99i0.09 0.69+0.08
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body weight within one week. There was high incidence of 
cannabalism among these rats. Animals involved in cannabalism 
during the first week were not included in the experimental 
group, but several instances occurred after DMNA injection, 
thus protein abstinence could not be completely achieved.
The doses of DMNA given were fatal within one week 
of injection to 10 of 65 animals (~15$) receiving 25 mgDMNA/kg 
while being fed protein-free diet, 10 of 36 animals (27$) 
receiving the same dose while maintained on pelleted, 
26$-protein diet, and ^8 of 77 animals (62$) given 60 mg/kg 
while on protein-free diet. There was evidence of liver 
toxicity in animals given either dose. Livers of animals 
given 25 mgDMNA/kg were of a deep red color and produced 
bloody homogenates by U8 hours after injection. Animals 
injected with 60 mgDMNA/kg were more visibly affected, 
showing the same liver redness at 2h hours and the liver 
appeared necrotic and bloody 72 hours after injection.
There were no observable changes in the gross appearance of 
the kidneys during the early testing periods.
The ODC response in liver tissue of DMNA treated 
animals was nost dramatic very shortly after injection 
(Figure 1). Animals injected with either 25 mg/kg or 60 mg/kg 
showed marked increase in liver enzyme activity 1 day after 
injection. Activity in experimental animals was still elevated 
at 2 days but by the third day after injection ODC activity 
in the DMNA-injected experimentals was essentially at the 
level of saline-treated controls. There did not appear to be
U 2
FIGURE 1
ODC ACTIVITY IN RESPONSE TO A SINGLE INJECTION OF 
DIMETHYNITROSAMINE.
Animals are fed protein (-) diet for one week, 
injected IP with DMNA, and sacrificed at the intervals 
indicated. ODC activity was measured in the liver (A) 
and kidneys (B) of 5-8 animals injected with either 






























any effect of diet on liver ODC activity at the times animals 
were sacrificed (Table 3) • Animals fed protein at the time 
of treatment displayed liver ODC activities similar to 
protein-deprived animals at 3 and 7 days after injection. 
Animals offered protein during the time of DMNA injection 
showed the same pattern of declining ODC as did animals fed 
protein (-) diet. Increases in ODC activity were not directly 
proportional to the doses given, as animals receiving the 
larger 60 mg/kg dose showed less dramatic increases in liver 
ODC activity than those receiving less than half the dose.
This may have been a reflection of the more extensive liver 
damage occurring with the larger dose, as the necrosis was 
much more severe and the health of the animals more severly 
affected.
The ODC response to DMNA injection is different in 
the kidney. Animals maintained on protein-free diet and 
injected with either 25 mg/kg or 60 mg/kg showed a biphasic 
ODC response. There were moderate increases in ODC activity 
1 day after injection, with animals receiving the 60 mg/kg 
dose showing a slightly larger increase. Enzyme activity 
in experimental animals decreased to the level of saline- 
treated controls at 48 hours. Unlike the liver, where ODC 
activity showed a transient increase and then declined and 
was maintained at low levels, ODC activity in the kidney rose 
again 3 days after injection. A 4 to 5-fold increase was 
seen in the kidneys of animals which had received either 
dose of the carcinogen. There was evidence that enzyme
TABLE 3
ODC ACTIVITY AFTER SINGLE INJECTION OF DMNA
Liver and kidney ODC activity was determined at the 
intervals indicated after injection with saline or DMNA, 
Animals were fed either protein ( + ) or protein (») diet. 
Results are mean ± SEM, 5-8 animals.
LIVER ODC ACTIVITY (praol C02/h/mg)
DAYS SALINE DMNA <25 mg/kg) DMNA (60 mg/kg)
AFTER PROTEIN PROTEIN PROTEIN PROTEIN PROTEIN
INJECTION (+) (-) (+) (-) (-)
1 I87+43 1060+164 690+77
2 192±27 351*55 564±133
3 129±34 189±53 428il01 215*51 212±22









DMNA (25 ms/ke) DMNA (60 nur/ke) 
PROTEIN PROTEIN PROTEIN 
( + ) (-) (-.)
1 2220±629 2830±320 2704±734
2 1590+336 2200+492 1790+450
3 2100+395 1890+309 1230+462 3510+1050 3510+1130





activity was again comparable to controls at 7 days. In the 
kidney there was an effect of dietary protein on the response 
of ODC to DMNA (Table 3). Animals allowed protein during 
the injection showed increased activity but at different 
periods after DMNA-treatment, and these increases were more 
moderate than in animals treated with the same dose while 
being deprived of protein. Animals fed a normal protein diet 
at the time of carcinogen treatment, however, had an increased 
mortality. Consequently there were not enough survivors to 
allow sampling at a larger number of time points.
There is evidence in these experiments that 
administration of a carcinogen results in elevated ODC activity 
in its target tissue after its metabolism and excretion, 
but before any morphological changes characteristic of neoplasia 
occur. The wide range of enzyme activities in the kidneys of 
saline-injected controls and DMNA-injected experimental animals 
at 1 and 2 months is shown in Tables 3 and The same pattern
is apparent in experimental animals at each time period. The 
majority of the experimental animals have kidney ODC activities 
similar to those in control animals, i.e., 300-1100 pmol C02/h/rag 
protein. However a few experimental animals show substantially 
elevated kidney ODC activity, while the enzyme activity in a 
few animals is lower than controls.
Polyamine determinations were made in tissues of animals 
fed protein-free diet and injected with either 25 mg/kg or 
60 mg/kg (Table 5). Livers of experimental animals showed 
substantially increased putrescine concentrations during the
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TABLE 4
ODC ACTIVITY IN KIDNEYS OF SALINE AND DMNA-TREATED ANIMALS 
30 AND 60 DAYS AFTER INJECTION
Results are the mean of replicate assays of indiv­
idual animals.
ODC ACTIVITY (pmol C02/h/mg)
30 DAYS 60 DAYS
SALINE DMNA SALINE DMNA
547 1300 311 512
794 4 31 489 315
1030 152 619 1650
64 0 4590 455 355
1160 3940 509 1920
3 49 220 860
^9
early periods after DMNA injection. Kidney polyamines 
show an initial increase in concentration, but had decreased 
to control levels.by 2 days, and at 3 days were less than 
control levels. Polyamine concentrations remained low at 
1 month, but there were small increases in experimental 
animals at 2 months.
None of the animals injected with saline showed any 
evidence of kidney pathology when•sacrificed between 7-12 months 
after treatment. None of the animals injected with the 60 mg/kg 
dose survived beyond 1 month. Because of the increased 
early mortality in the animals injected with 25 mg/kg while 
being allowed protein, only 3 animals survived 11 months; 
none of these had kidney tumors.
Seventeen animals injected with 25 mgDMNA/kg while 
on protein-free diet survived for 10-11 months. Ten of these 
animals had kidney tumors ranging in size from small 
proliferative nodules to large (100+g) masses of necrotic 
tissue. One animal showed a neoplastic nodule infiltrating 
the skin. Animals from this group were sacrificed at various 
times during the tenth month. ODC activity in liver and 
kidney was determined in 8 control animals and 6 tumor- 
bearing animals (Table 6). The tumors in the kidney did not 
influence liver ODC activity, nor were there any significant 
increases in activity in the tumor-bearing kidneys.
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TABLE 5
LIVER AND KIDNEY POLYAMINES FOLLOWING A SINGLE INJECTION 
WITH DMNA
Animals were injected IP with saline or DMNA 
(25 mg/kg) and sacrificed at the intervals indicated. 
Results are from assay of 6 pooled PCA extracts. Animals 
were all maintained on protein (-) diet as previously 
described. (S>=Spermine• SD=Spermidine, P=Putrescine)
POLYAMINES (uraol/g tissue) 
LIVER KIDNEY












































ODC ACTIVITY IN NORMAL AND TUMOR-BEARING RATS 10 MONTHS 
AFTER TREATMENT WITH DMNA.
Eight normal animals from the group originally 
injected with saline, and 5 DMNA-treated animals with 
kidney tumors were sacrificed during the tenth month 
after treatment. ODC activity was determined in liver 











B. Stimulation and Inhibition of ODC Activity: Relationship
to DNA Synthesis
1. ODC and Polyamines after Protein Cycling
The time course of the stimulation of ODC activity was 
determined in the liver and kidneys of animals rafed protein 
after a three day period on protein (-) diet. Samples were 
obtained at 2 h intervals over a 16 h experimental period, 
and the enzyme activity in the tissues of animals refed 
protein (+) diet was compared with animals continued on the 
protein (-) diet, and to those fed protein (+) diet ad libitum. 
These data are summarized in Figure 2. Enzyme activity in 
the liver began to increase 4 h after refeeding protein and 
reached a peak at 8 h. ODC activity at this point was 8 times 
higher than in animals maintained on protein (+) diet ad libitum 
and 20 times higher than in animals continued on the protein (-) 
diet. Liver ODC activity declined rapidly and fell to the 
level of controls at 14 h. The response in the kidneys was 
more rapid, showing marked increases within 2 h and reaching 
maximum activity 4 h after refeeding. Activity at this point 
was increased 3 to 5 times above either control group. After 
U h enzyme activity declined with plateau between 6-10 h.
The largest increases in activity over control animals occurred 
at 8 h after refeeding, when the kidney ODC activity of rats 
maintained on protein (+) diet ad libitum or continued on 
protein (-) diet were very low. Maximum increases in ODC 
activity after protein-cycling can be measured in either liver 
or kidneys 8 h after protein refeeding (Figure 3).
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FIGURE 2
TIME COURSE OF ORNITHINE DECARBOXYLASE STIMULATION FOLLOWING 
RE-FEEDING OF PROTEIN
The rats were cycled twice from protein (-) to 
protein (+) diet (commercial Charles River pelleted diet,
26$ protein) as described in the Materials and Methods 
section. At the beginning of the second cycle of protein 
re-feeding (6 A.M. in the dark lighting cycle) and for 
16 h thereafter, animals from the group re-fed protein ( ■ ), 
from the group continued on the protein (-) diet (A), and 
from control animals fed the protein (+) diet ad libitum 
without cycling ( • ) were sacrificed at 2 h intervals and 
ornithine decarboxylase activity was measured on the 
liver (a) and the kidneys (b). The points are the mean 












































LIVER AND KIDNEY ODC INCREASES IN PROTEIN (+) ANIMALS 
AFTER PROTEIN CYCLING
Liver (•) and kidney (o) ODC activity increases 
were calculated from figure 2, Protein (+) re-fed animals 
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Polyamine concentrations were determined on liver 
tissue of animals refed protein (+) diet and on those continued 
on the protein (-) diet. These results are given in Table 7. 
Spermidine concentrations were elevated 50-100$ in protein (+) 
animals, but the variability in tissue spermidine determinations 
makes these increases difficult to interpret. Traces of 
putrescine, too small to quantitate accurately, were found in 
liver extracts of protein (+) animals. The turnover of 
putrescine is apparently quite rapid and the diamine is 
converted to spermidine, as reflected by the higher concentrations 
of the polyamine in the refed animals in which traces of 
putrescine were detected. Spermine is essentially unchanged 
by the protein cycling regimen.
2. Inhibition of the Increases in ODC Activity Following 
Protein Cycling
The role of transcription in the stimulation of ODC 
activity was assessed with actinomycin D. If RNA synthesis 
is required for the increased ODC activity following protein 
refeeding, injection of actinomycin D into animals should 
inhibit these increases.
Animals were refed protein after three days on 
protein-free diet and injected with either saline or 0.5 mg 
actinomycin D in saline. Some animals were injected at the 
time of refeeding while others were injected U h later. Large 
increases in ODC activity were seen in animals sacrificed 
k or 8 h after refeeding (Table 8), when compared to activity 
observed in animals fed protein (+) diet ad libitum or those
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TABLE 7
THE POLYAMINE CONTENT OP THE LIVER OF RATS AFTER PROTEIN 
CYCLING
The rats were cycled twice from protein (-) to
protein (+) diet (commercial pelleted diet, 26$ protein)
as described in Figure 1. The liver of rats re-fed the 
protein (+) diet and from animals maintained on the protein 
(-) diet was analyzed from polyamines as described in the 
Materials and Methods section. Tissue was removed from 
protein (-) rats at 6 A.M. and both protein (-) and
protein (+) rats were sacrificed throughout the remainder
of the time course (10:00 to 22:00 h) of the experiment.
The polyamines were determined on pooled tissues of J* rats 
at each time interval.
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TIME DIET SPERMINE SPERMIDINE
(fimol/g liver)
06:00 PROTEIN (-) 0.64 0.96
10 :00 PROTEIN (M) 0.67 0.88
PROTEIN (+) 0.88 1.23
12:00 PROTEIN (M) 0.52 0.58
PROTEIN ( + ) 0.50 0.77
14:00 PROTEIN (M j 0.59 0.84
PROTEIN ( + ) 0.56 1.16
16:00 PROTEIN (•) 0.44 0.62
PROTEIN ( + ) 0.57 1.06
18:00 PROTEIN ( m m ) 0.41 0.57
PROTEIN ( + ) 0.56 1.02
20:00 PROTEIN (M) 0.44 0.93
PROTEIN (+) 0.57 1.01
22:00 PROTEIN (M) 0.51 0.76
PROTEIN ( + ) 0.55 0.94
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TABLE 8
EFFECTS OF ACTINOMYCIN D INJECTIONS ON THE INCREASES IN 
ODC ACTIVITY AFTER PROTEIN CYCLING
2if rats (100 g) were refed pelleted 26% protein 
diet after three days on the protein free diet. They 
were injected at the time of refeeding or if h after with 
either 0.5 ml sterile saline or 0.5 ml of a lmg/ml saline 
solution of actinomycin D. Results are the mean £ SEM of 
if animals.
TREATMENT SACRIFICE ODC ACTIVITY
(time after refeeding) (pmol C02/h/mg)
LIVER KIDNEY
SALINE (Oh) if h l660+35if IflifO+659
8 h 927±lf6 2531*231
ACTINOMYCIN D (0 h) if h 100±2if 2390±1100
8 h 15if±29 if23±106
SALINE (if h) 8 h 1970i9if9 328o±lif75
ACTINOMYCIN D (if h) 8 h 187±96 15301672
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continued on the protein-free diet (Figure 2). Animals 
injected with 0.5 mg actinomycin D at the time of refeeding 
showed markedly inhibited enzyme activity when sacrificed at 
either 4 or 8 h. Liver ODC activity was also inhibited 
in animals injected with actinomycin D at 4 h and sacrificed 
at 8 h. ODC activity increases in the liver apparently 
require RNA synthesis for at least the first ^ h after refeeding.
The situation in the kidney appears to be different. 
Enzyme activity at 4 h is inhibited 30$ by actinomycin D 
administration at the time of refeeding, 83$ at 8 h following 
the same treatment, and 53$ at 8 h after administration of 
the drug at U h.
The inhibition of ODC activity by putrescine and 
1»3-Propanediamine in protein-cycled rats was investigated. 
Injections of 750 jimol/kg of either diamine 2 and 6 h after 
the beginning of the dark cycle inhibited ODC activity 
increases in protein ( + ) animals, and the low activity in 
tissues of protein (-) animals (Table 9). FD appeared to 
be more effective compound, inhibiting the ODC activity 
89$ in liver and 98$ in the kidneys.
3. Stimulation of DNA Synthesis in Liver by Protein Cycling
DNA synthesis in animals after a nutritional shift 
from protein (-) to protein (+) diet has been studied by 
Short et al. (93). At least 3 days on the protein (-) diet 
was required for maximal response of ODC to refeeding of 
protein, and the incorporation of %-thymidine into liver 
DNA occurred at 16-17 h after the shift to the protein (+)
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TABLE 9
INHIBITION OF ORNITHINE DECARBOXYLASE ACTIVITY IN RAT 
TISSUES BY DIAMINES
Animals fed protein (-) diet for 3 days or cycled 
from protein (-) diet to protein (+) diet (25$ casein) were 
injected with saline, or putrescine (750 ^ imol per kg), or 
1,3-propanediamine (750 /imol/kg) in saline by the IP route. 
Injections were made at 2 h and at 6 h after re-feeding of 
the protein (+) diet at the beginning of the dark lighting 
cycle and the animals were sacrificed at 8 h after re-feeding. 
The protein (-) animals were injected with saline, putrescine, 
or 1,3-propanediaraine at comparable time intervals (2 h and 
6 h after the dark lighting cycle) and were sacrificed at 
8 h. The number of animals is indicated in parentheses and 





PROTEIN (-) SALINE (4) 7±3 620±202
PROTEIN (-) PUTRESCINE (4) 2+0.4 25±11
PROTEIN (-) 1,3-PROPANEDIAMINE (4) 0 0
PROTEIN (+) SALINE (10) 467±57 3900±884
PROTEIN (+) PUTRESCINE (8) 269+56 863+266
PROTEIN (+) 1,3-PROPANEDIAMINE 5li28 82±l8
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diet. We have studied the time course of incorporation of 
%-thymidine into liver DNA under our conditions of protein- 
cycling. The magnitude of the response of DNA replication 
to the feeding of protein (+) diet for 8 h followed by 16 h 
fasting is very similar to the stimulation of DNA synthesis 
reported by Short et al. (93) in animals fed protein (+) 
diet ad libitum following 3 days on a protein (-) diet 
(Figure 4). The incorporation of ^jp-thymidine into liver 
DNA was increased approximately 10 times over the low rate 
of DNA replication in animals fed the protein (-) diet. Animals 
fed the pelleted, 26$ protein diet ad libitum incorporated 
more ^H-thymidine into DNA than protein (-) controls at all 
time intervals, but incorporation by the protein cycled rats was 
U times higher at the 17 h time interval.
4. Inhibition of DNA Synthesis in the Liver of Protein Cycled 
Animals by 1,3-Propanediamine
Poso and Janne (63) were able to reduce the incorporation
3
of H-thymidine into DNA of regenerating liver by the injection 
of 1,3-propanediamine at 3 h intervals after partial hepatectomy. 
The injection also prevented the stimulation of ODC and reduced 
the increased concentration of spermidine in regenerating 
liver. These characteristically occur in the liver remnant 
following partial hepatectomy (63).
In these experiments protein cycled rats were injected 
with saline or PD at 3» 6, 9 and 12 h after refeeding the animals 
with protein (+) diet. The stimulation of DNA synthesis in 
the liver following protein cycling was reduced about 60$ by
6k
FIGURE
TIME COURSE OF DNA SYNTHESIS IN LIVER FOLLOWING RE-FEEDING 
OF PROTEIN
Rats were cycled twice from protein (-) to protein (+) 
diet (comeroial pelleted diet, 26% protein) as described in 
Figure 1. During the first day of the second cycle of 
protein re-feeding, animals from the group re-fed protein (■ ), 
from the group continued on the protein (-) diet ( A ), and 
from control animals fed the protein (+) diet ad libitum 
without cycling ( • ), were sacrificed at intervals. One 
hour prior to the sacrifice of each animal, 10 jftCi of 
%-thmidine in 0.5 ml of saline was injected IP. The DNA 
of liver was prepared and incorporation of ^H-thymidine 
into DNA was measured as described in the Materials and 
Methods section. Each point is the mean of the incorporation 
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the administration of the inhibitor of ornithine decarboxylase 
(Table 10).
C. Extended Periods of Protein Cycling: Effects on DMNA
Carcinogenesi s
1. The Effects of Extended Periods of Protein Cycling on ODC 
Activity
There is an elevated activity of ODC on each day of 
the three day period of refeeding of protein following the 
three day protein (-) feeding cycle. The activity of the 
enzyme in the liver is maintained at 8 to 10-fold higher 
than activity in the liver of protein (-) animals on the 
second and third days of the protein (+) diet regimen (Table 11). 
ODC activity remains elevated 8-fold in the kidney on the 
second day after refeeding but on the third day it is only 
4-fold higher than in the protein (-) controls.
The effects of extended periods of protein cycling 
have been investigated during 16 cycles of alternate 3-day 
regimens of protein (-) and protein (+) diets. The stimulation 
of ODC activity in liver and kidneys of the rat 8 h after the 
refeeding of protein (+) (25$ casein) diet is summarized in 
Figure 5. The stimulation of enzyme is highest in both 
tissues after the first cycle, but there is substantial 
elevation of activity at each cycle throughout the experimental 
period. The enzyme activity is extremely low in the tissues 
of animals continued on protein (-) diet until the time of 
sacrifice at each sampling interval. Animals fed 25$ casein 
Si libitum were included throughout the experimental period to
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TABLE 10
INHIBITION OF DNA SYNTHESIS IN RAT LIVER BY 1,3-PROPANE- 
DIAMINE
Animals were cycled twice from protein (-) to 
protein (+) diet (25% casein). At intervals of 3, 6, 9 
and 12 h after re-feeding at the beginning of the dark 
lighting cycle at 6 A.M. (or at the same time intervals 
for animals continued on the protein (-) diet) animals 
were injected with saline or 1,3-propanediamine (750 ^imol/kg) 
in saline. At 15 h after the dark lighting cycle, all
3
animals received 20 pCi of H-thymidine in 0.5 ml saline 
by the IP route. One hour following the injection of 
% - thymidine, all animals were sacrificed, liver DNA was 
prepared and the incorporation of 3H-thymidine was measured 
as described in the Materials and Methods section. The 
incorporation data are the mean of the cpm in the liver 
DNA of 4 animals t SEM.
GROUP ^H-THYMIDINE INCORPORATED 
(cpm/mg DNA)
PROTEIN (-) SALINE 2850±359
PROTEIN (+) SALINE 124001706
PROTEIN (-) 1,3-PROPANEDIAMINE 1510±U15
PROTEIN ( + ) 1,3-PROPANEDIAMINE ^820+1167
68
TABLE 11
DAILY CHANGES IN ORNITHINE DECARBOXYLASE AND POLYAMINES 
AFTER RE-FEEDING OF PROTEIN
The rats were cycled twice from protein (-) to 
protein (+) diet (25# casein). At the beginning of the 
second cycle of protein (+) re-feeding at 6 A.M. of the 
dark lighting cycle, protein (-) animals were sacrificed 
and tissues were analyzed for ornithine decarboxylase and 
polyaraines. Protein (+) animals were sacrificed 8 h after 
re-feeding on Day 1, Day 2 and Day 3 of the protein re-feeding 
cycle (8 h feeding and 16 h fasting). The number of animals 
is indicated in parentheses. Ornithine decarboxylase 
activity is the mean 1 SEM. Polyamine values were obtained 
on pooled tissues of animals in each group. (S=Spermine, 
SDaSpermidine, P»Putrescine)
ODC ACTIVITY POLYAMINES
(pmol C02/h/mg) (^imol/g liver)
























PROTEIN ( + ) (4) 1170+221 4620+23** 0.34 0.77 0.0 7
DAY 3 
PROTEIN (+) (4) 924+171 2180±878 0.51 0.74 0.18
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FIGURE 5
THE ACTIVATION OF ORNITHINE DECARBOXYLASE DURING CYCLES OF 
PROTEIN RE-FEEDING FOR AN EXTENDED PERIOD
Rats were cycled from protein (-) to protein (+) 
diet (25# casein). Each cycle included 3 days ad libitum 
feeding of protein (-) diet followed by 3 days feeding of 
protein (+) diet on the "8 h fed - 16 h fasted" schedule 
illustrated in Figure 1. At the end of the 8 h protein (+) 
diet refeeding period of Day 1, animals were sacrificed and 
ornithine decarboxylase was assayed in the liver (a) and 
kidneys (b) of re-fed rats (■ ), in tissues from animals 
continued on the protein (-) diet (A ) and in tissues from 
control rats fed Z$^ > casein diet ad libitum ( • ). Each 
point is the mean of the enzyme activity in the tissues 
from U rats.
nMol C 0 2/mg protein/h
O Q O p O O O p  
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correct for any diurnal elevation of ODC activity at the time 
of sacrifice (8 h after the beginning of the dark cycle). 
Tissues from these diurnal controls contained higher enzyme 
activity than protein (-) animals but only 25$ of the 
activity of the tissues of protein cycled animals.
2. Effects of Extended Periods of Protein Cycling on DMNA 
Carcinogenesis
One early biochemical response to the application 
of a skin tumor promoter to mice was a large stimulation of 
ODC activity in epidermal homogenates of treated animals (77)• 
Such increases were specific for promoters. The stimulation 
of ODC followed each application of promoter, and it was 
proposed that the activation of this enzyme may play an 
important role in the promotion of skin tumors (79)• To 
test the effect of repeated stimulation of ODC activity on 
the incidence of kidney tumors, rats were "initiated"with a 
single dose of DMNA (25 mg/kg) and then fed either pelleted 
26$ protein diet ad libitum, or protein-cycled weekly for 
16 weeks. Thirteen of 6k of the animals fed protein (+) 
ad libitum survived for 11 months, while 21 of 65 of the 
DMNA, protein-cycled group survived. Only 2 of the 13 
animals that received DMNA and protein (+) ad libitum that 
were sacrificed between 10-11 months showed evidence of 
kidney tumors. In the protein-cycled group there were no 
kidney tumors but one liver tumor at 11 months.
ODC activity was determined in animals 10-11 months 
of age and fed either pelleted 26$ protein diet ad libitum
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results are summarized in Table 12. The refeeding response 
is still demonstrable in animals of this age, regardless of 
prior treatment. ODC activity in liver and kidneys is low, 
with the lowest activity in the group which was injected with 
DMNA 11 months previously and fed protein ( + ) diet ad libitum 
for 11 months. This group also showed the lowest liver ODC 
response to protein cycling.
D. ODC, Polyamines and ODC-Antizyme during Promotion of DENA 
Carcinogenesis by Phenobarbital
A recent report by Weisburger ejfc al. (8l) offered 
evidence that phenobarbital increased the incidence of liver 
tumors initiated in rats by DENA. As was the case with 
promoters of skin tumors (75)» phenobarbital (PB) was 
effective only in increasing liver tumors when given after 
the carcinogen treatment had begun: feeding the PB at the
time of DENA administration decreased the tumor incidence, 
presumably due to increased metabolism of DENA in the liver 
due to the drug (81). Phenobarbital has also been shown to 
stimulate ODC activity in the liver after IP injection (82). 
It was of interest to investigate the effects of the drug on 
ODC and polyamines in the liver. The induction in rat liver 
of a protein inhibitor of ODC by the products of its reaction 
was first demonstrated during the time these experiments 
were in progress (ill). The induction of the protein 
inhibitor (the ODC-antizyrae) in normal and tumor tissue in 
response to a number of amines was investigated.
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TABLE 12
ODC ACTIVITY IN RAT TISSUES 11 MONTHS AFTER DMNA TREATMENT: 
EFFECTS OF PROTEIN CYCLING
Animals wore sacrificed during the eleventh month 
after treatment with saline or DMNA (25 mg/kg). Immediately 
after injection half of each group was fed pelleted diet 
(26# protein) ad libitum while half were cycled from 
protein (-) to protein (+) diets weekly for 16 weeks. All 
animals were fed 26# protein diet ad libitum until a week 
before sacrifice. Half of the animals from each group were 
cycled from protein (-) to protein (+) diet. Animals were
sacrificed 8 h after the beginning of the dark cycle.
Results are the mean + SEM of 6-8 animals.
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1. Effects of Feeding Phenobarbital on ODC Activity
A preliminary experiment indicated that there was 
a stimulation of ODC activity in animals fed the phenobarbital 
(PB) containing diet (Table 13)• Five to 25-fold increases 
in liver ODC activity were observed during the first week of 
feeding animals the PB diet, while kidney enzyme activity was 
depressed. However the increased activity in control animals 
2k h after beginning a casein powdered diet indicated that 
enzyme activity fluctuated in animals as they adjusted to a 
new diet. To avoid this, and to determine whether ODC 
activity in PB-fed animals fluctuated during the day, animals 
were fed 25% casein or 25% casein containing 500ppm PB 
ad libitum for 10 days and liver and kidney ODC activity was 
measured at three times during the tenth day. The data are 
summarized in Table 1^. There is a marked stimulation of 
liver ODC activity during the day. Enzyme activity was 
increased approximately 7-fold k h after the beginning of the 
dark cycle, 10-fold at 8 h and 12-fold at 16 h when compared 
with 25% casein controls. Kidney ODC activity was severely 
depressed at 4 h, was nearly at control levels at 8 h and 
was increased 16 h after the beginning of the dark cycle, 
at a time when activity in control animals was very low.
2. ODC and Polyamines during the Promotion of DENA Carcinogenesis 
by Phenobarbital
In accordance with the experimental protocol of 
Weisburger et al. (81), rats were given DENA in the drinking 
water at a level of ^0 ppm for weeks after which the DENA
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TABLE 13
ODC ACTIVITY IN ANIMALS FED PHENOBARBITAL-CONTAINING DIET
Animals were fed 25$ casein (ZERO PB) or the same 
diet containing PB (500 ppm PB) ad libitum, and are 
sacrificed on the day indicated at 10:00 h, U h into the 
dark cycle. Results of determinations done on individual 
animals are shown.
TIME DIET ODC ACTIVITY (praol C02/h/mg)
LIVER KIDNEYS
1 DAY ZERO PB 207, 223 10 Uo, 1790
500 ppm PB 700, 1220 3290, 856
2 DAYS ZERO PB 0 1770, 710
500 ppm PB 186, 957 902, >*75
3 DAYS ZERO PB *»1. 18 893, 1690
500 ppm PB 230, 10** 719, 272
4 DAYS ZERO PB 2, 0 **12, 207
500 ppm PB 7, 13 20 6, 5>*7
7 DAYS ZERO PB 101, 82 2120, 671
500 ppm PB 35, 23 656, 702
76
TABLE 14
TIME COURSE OF STIMULATION OF ODC ACTIVITY IN PHENOBARBITAL- 
FED RATS
Animals (100 g) were fed PB (500 ppm) or zero PB 
diets ad libitum. Results are mean 1 SEM, 3 animals 
sacrifioed at times indicated on day 10.
TIME DIET ODC ACTIVITY
(pmol C02/h/mg)
LIVER KIDNEY















was discontinued and the experimental diet (500 ppm PB) was 
begun. PB was maintained in the diet until animals were 
sacrificed. Liver ODC and polyamines were determined at 
intervals of 1, 11 and 20 weeks after the commencement of 
the experimental diet. The ODC data are summarized in 
Table 15. There was no apparent effect on ODC activity 
attributable to extended feeding of PB-containing diet. 
Furthermore, the stimulation of liver ODC previously observed 
after feeding PB-containing diets to young rats was not 
reproducable in older animals. The animals used in this 
experiment were 1 month older than those described previously 
and in Table 1**; this resulted from the imposition of a 
5 iireek period between the beginning of the carcinogen 
treatment and the feeding of PB diets.
For comparison, data on animals from a concurrent 
experiment (described in Section E), whose ODC activity is 
stimulated by protein cycling are included in Table 15.
Enzyme activity in these animals was elevated at each 
interval tested up to 20 weeks. These data indicate that 
animals of comparable age to th6 PB-treated animals have 
not lost the capacity to respond to repetitive stimuli of 
ODC.
Table 16 summarizes liver polyamine determinations 
made at the same intervals after the beginning of the PB 
diet. As was the case with ODC, there were no apparent 
changes in the liver polyamines that could be related to 
the feeding of PB or to the prior administration of DENA.
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TABLE 15
ODC ACTIVITY DURING PHENOBARBITAL PROMOTION OF DENA 
CARCINOGENESIS
Animals (100 g) were fed DENA (40 ppm) in the 
drinking water for 4 weeks while being allowed pelleted 
26# protein diet ad libitum. One week after the carcinogen 
treatment was terminated, animals were fed either a 25# 
casein diet supplemented with phenobarbital (PB), or 
protein cycled weekly. ODC activity was determined at the 
times indicated after the beginning of experimental diets.
Results are mean tsEM, 4 animals per group.
GROUP LIVER ODC (pmol C02/h/mg)
1 WEEK 11 WEEKS 20 WEEKS
ZERO PB
NO DENA 133154 28+9 61+14
DENA 82+26 33112 1517
500 ppm PB
NO DENA 42+9 49116 36H 2
DENA . 86+16 28+9 37122
PROTEIN-CYCLED
NO DENA 564+126 290164 271148
DENA 7541100 226168 307144
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TABLE 16
LIVER POLYAMINES DURING PHENOBARBITAL PROMOTION OF DENA 
CARCINOGENESIS
DENA was given to rats in the drinking water for 4 
weeks. One week after terminating carcinogen treatment, 
rats were begun on 25$ casein diet containing 500 ppm 
phenobarbital. Polyamines were determined in the liver of 
animals at the times indicated after the beginning of the PB 
diet. Results are mean* SEM, 4 animals.
POLYAMINES (/imol/g LIVER)
1 WEEK SPERMINE SPERMIDINE












The only apparent trend in the data is a decrease in liver 
polyamines in older rats.
3. Tumor Incidence and ODC Activity
The data in Table 17 illustrate the promotion of 
DENA-initiated liver tumors by the feeding of PB. Animals 
were sacrificed at 20 or 28 weeks following the commencement 
of the PB dietary regimen. Animals which did not undergo 
the initial U week treatment with carcinogen did not have 
liver tumors, whether they had received PB diet subsequently 
or not. Animals to which DENA was administered and which 
were fed the 25$ casein diet throughout the entire experimental 
period did not show any liver tumors at 20 weeks, and a total 
of 6 liver tumors in 14 animals at 28 weeks. By contrast, 
the DENA-treated animals which received PB in their diets 
after the administration of the carcinogen showed an earlier 
and more extensive tumor incidence. Four animals from 
this group died between 11-12 weeks, one had an extensive 
hepatocellular carcinoma; in no other experimental group were 
tumors found this early. At 20 weeks, 2 of U animals in the 
DENA-PB group showed evidence of liver tumors, while at 28 
weeks virtually every animal demonstrated liver neoplasia, 
confirming the ability of PB to promote DENA-initiated liver 
tumors.
Liver ODC activity was determined in normal and 
tumor tissue at 20 and 28 weeks of PB promotion (Table 18).
As was the case in animals sacrificed at earlier time intervals, 
ODC activity in animals sacrificed at 20 and 28 weeks was
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TABLE 17
PROMOTION OP DENA-INDUCED LIVER TUMORS BY PHENOBARBITAL
Animals were sacrificed or died at the times 
indicated after the beginning of phenobarbital-containing 
diet. Animals had received DENA in the drinking water for 










NO PB 20 4/4 0/4
28 5/5 0/5
500 ppm PB 20 4/4 0/4
28 6/6 0/6
DENA: NO PB 20 4/4 0/4
28 8/14 2/l4 4/14 6/14
DENA:PB 12 3/4 1/4 1/4
20 2/4 2/4 2/4
28 l/l8 11/18 6/18 17/18
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TABLE 18
ODC ACTIVITY IN NORMAL LIVER AND LIVER TUMORS
ODC activity was determined at the intervals 
indicated after the beginning of PB-containing diets to 
rats which had been initiated with DENA as described in 
the text. Results are mean t SEM of the number of animals 
shown in parentheses.





NO PB 20 6l±lU (U)
28 23+k (5)
DENAsPB 20 15l7 (**)
28 17±3 (8)
500 ppm PB 20 36il2 (4)
28 3k, 36 35, 50 31±7 (k)
DENA:PB 20 102, 11
28 91±33 (3) 58±18 (3)
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low and variable. Again there do not appear to be any 
consistent differences between the groups which could be 
attributable to either the feeding of PB or the prior 
administration of DENA. In addition there were no increases 
in enzyme activity in any group which approached the magnitude 
of increases resulting from protein cycling or to the feeding 
of PB for less than a week. Moreover, there were no 
substantial elevations in ODC activity in animals which bore 
neoplastic nodules of hepatocellular carcinomas, despite the 
fact that in some cases the livers were grossly pathological.
In one animal liver destruction left little normal tissue, 
yet ODC activity in a section which was made through heavily 
necrotic tissue was essentially normal.
4. ODC-Antizyme in Normal and Neoplastic Liver
Liver homogenates from animals injected 3 times 
at hourly intervals with either putrescine (750 ^imol/kg), 
propanediamine (750 ^ pmol/kg) or spermidine (500 jumol/kg) 
contained no detectable ODC activity when measured two hours 
after the last injection (Table 19). Liver tissue of these 
animals showed an increased accumulation of the injected 
compound (Table 19)• Fluctuations in spermidine and spermine 
were seen in animals treated with either putrescine or 
spermidine. Animals treated with propanediamine had essentially 
normal spermidine and spermine levels.
Dialyzed supernatants were prepared according to 
Heller at al. (Ill) and frozen until assayed for antizyme 
activity. Enzyme activity was assayed against an ODC enzyme
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TABLE 19
LIVER ODC AND POLYAMINES IN ANIMALS STIMULATED TO PRODUCE 
ANTIZYME
Animals were injected with 0.5 ml saline, putrescine 
(750 ^imol/kg) , propanedianine (750 ^ mol/kg) or spermidine 
(500 jumol/kg) and sacrificed at 4 h . PD was estimated 
using a PD standard by the usual dansyl-fluorescence TLC 
procedure. Results are meant SEM of number of animals 
indicated in parentheses.(P=Putrescine, SD=Spermidine, PD=
1,3“Propanediamine)
TREATMENT ODC ACTIVITY POLYAMINES (/imol/g liver) 
(pmol COp/h/mg) S SD P(PD)
SALINE(4) 47112 0.1910.02 0.14+0.01
P (4) 0 0.1310.01 O.lOiO.Ol 0.2510.02
SD (8) 0 0.1310.01 0.2ll0.01 0.0410.02
PD (6) 0 0.2010.03 0.1410.01 (0.85+0.19)
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purified approximately 2-fold as described in Materials and 
Methods. This procedure, which yielded approximately 67# 
recovery of activity, could.be improved to give approximately 
90$ recovery by increasing centrifugation speed during
precipitation from 2,000 rpm, 15 min to 10,000 rpm, 
20 min. This modification was made and enzyme prepared in 
this way was used in later experiments (Section F) .
Early attempts to titrate the ODC-antizyme, utilizing 
freshly dialyzed, pooled supernatants were marginally 
successful (Figure 6). However when the same samples were 
frozen and thawed prior to titration, there was a significant 
increase in titratable antizyme activity. This activation 
of antizyme activity after freezing was observed in several 
experiments, and samples were hence routinely frozen at 
-20°C overnight before antizyme assays were performed.
Repeated freezing and thawing did not alter antizyme activity.
It appeared in this preliminary experiment that 
PD was more effective than putrescine in stimulating antizyme 
activity, and the potency in stimulating titratable antizyme 
activity of the two diamines and spermidine was tested in 
a larger series of normal and tumor-bearing animals from the 
phenobarbital promotion experiment.
Pooled dialyzed supernatants from animals treated 
with any of the amines inhibited ODC activity while similar 
preparations from saline-treated animals were negative 
(Figure 7)• Pooled samples from normal and tumor-bearing 
rats had similar activity but there were differences in the
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FIGURE 6
ANTIZYME TITRATIONS OF FRESH AND FROZEN-THAWED DIALYZED 
SUPERNATANTS
Pooled samples from three animals were assayed 
immediately after preparation (• ) or after samples were 
frozen and thawed (A)» Animals had been treated as 
described in the text with saline (A) f 750 jimol/kg


















ODC-ANTIZYME TITRATIONS IN NORMAL LIVER AND LIVER TUMORS
Dialyzed supernatants were prepared from normal (• ) 
and tumor-bearing ( A ) animals from the phenobarbital 
experiment. Samples were pooled and titrated as described 
in the text. A: saline-injected (2# , 2 A); B: 750 ^ mol/kg 
1»3-propanediamine (3# . 3a); C: 750 ^pmol/kg putrescine 
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titration curves of antizyme induced, by the different amines* 
There was a point at which adding antizyme supernatant no 
longer increased inhibition, and this point of maximum 
inhibition usually occurred at 1$0 jil. Maximum inhibition 
was approximately 90$ in propanediamine-treated animals,
80$ in animals treated with spermidine, and 65$ in putrescine- 
treated animals. Another parameter which can be determined 
from Figure 7 is the yil aliquot of antizyme preparation 
necessary to inhibit enzyme activity 50$. The potency of the 
three amines in inducing antizyme activity is indicated by 
the data summarized in Table 20. When using 50$-inhibition 
and maximum inhibition of enzyme activity as criteria, PD 
was the most effective, spermidine intermediate and putrescine 
the weakest inducer of ODC-antizyme. However, spermidine- 
treated animals were injected with a dosage 2/3 that of 
diamine-treated animals.
When antizyme titers of normal and tumor-bearing 
rats are compared in the same manner, the very slight 
difference between them is apparent, despite the severe 
pathology of some tumor animals (Table 21).
E. Effects of Protein-Cycling on DENA Carcinogenesis
In Section C experiments were described in which 
animals cycled weekly for 16 weeks after injection with 
DMNA showed a decreased incidence of kidney tumors when 
compared with DMNA-treated animals fed protein (+) diet 
libitum. The effect of protein cycling was further 




SUMMARY OF ODC-ANTIZYME PARAMETERS
Dialyzed supernatants were prepared from normal and 
tumor-bearing rats which, had previously been injected with 
putrescine (750 juraol/kg), 1,3-propanediamine (750 ^ mol/kg) , 
or spermidine (500 ^ umol/kg). Antizyme was prepared, pooled and 
then titrated against approximatly O.U units (nmol COg/h) of 
enzyme activity. The aliquots required to inhibit enzyme 
activity by 50$ and the maximumum inhibition achieved 
during titration were determined from the previous Figure. 
Number of samples pooled is indicated in parentheses.
INHIBITION
TREATMENT 50$ MAXIMUM
1,3-PROPANEDIAMINE (6) U8 jil 90$
SPERMIDINE (8) 88^1 80$
PUTRESCINE (4) 100 /il 65$
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TABLE 21
ODC-ANTIZYME INDUCTION IN NORMAL LIVER AND LIVER TUMORS
Animals (approximatly 600 g) from the phenobarbital 
experiment were injected as described in the text at 
0, 1, and 2 b and then sacrificed 2 b later. Dialyzed 
supernatants were prepared and titrated for ODC-antizyme 
as previously described. Inhibition is described by the p  1 
aliquots of antizyme prep required to achieve 50$ inhibition 
of ODC, and by the maximum attainable inhibition of the ODC 
prep.Assays were performed on pooled dialyzed supernatants of 




NORMAL (2) 1*8 pi 87$
TUMOR (4) 1*8 pi 92$
SPERIMIDINE
NORMAL (2) 100 ul 75$
TUMOR (6) 83 pi 85$
PUTRESCINE
NORMAL (2) 102 pi 63$
TUMOR (2) 90 pi 68$
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1. Effect of Extended Periods of Protein Cycling on Body 
Weight of Rats
Animals cycled weekly from protein (-) to protein (+) 
diet weigh less than animals fed protein (+) diet ad libitum, 
as shown in Figure 8. Animals cycled between protein (-) 
and protein (+) (26$ casein) diet weekly for 6 months 
consistently weigh 25-30$ less than animals fed protein (+) 
diet ad libitum when weights were determined between 2-6 
months.
2. Effect of Extended Periods of Protein Cycling on ODC 
and Polyamines
Liver ODC activity of animals refed protein (+) 
diet after 1, 11 and 20 weekly protein cycles is compared 
with cycled animals continued on protein (-) the day of 
sacrifice, and those fed protein (+) diet ad libitum, in 
Table 22, Protein-cycled animals demonstrated an elevated 
ODC activity in response to the refeeding of protein at 
each testing interval up to 20 weeks. The response decreased 
. in older animals, as did control ODC activity and basal ODC 
activity in animals continued on protein (-) diet for U days. 
Prior treatment of animals with DENA did not alter enzyme 
activity in any group.
Liver polyamines were determined at the same 
intervals, and the data is summarized in Table 23. Polyamine 
concentrations are, however, variable, and it is difficult 
to attach any significance to the changes.
9**
FIGURE 8
EFFECT ON BODY WEIGHT OF PROTEIN CYCLING
DENA-treated animals were cycled between protein (-) 
and protein ( + ) diets weekly ( a  , 50-60 animals) or fed 


























LIVER ODC ACTIVITY AND POLYAMINES AFTER EXTENDED PERIODS OF
t ‘
PROTEIN CYCLING
Animals (80-100 g) received either distilled water 
or water supplemented with DENA (40 ppm) ad libitum for 
4 weeks. One week later groups were fed either protein(+) 
diet (26$ casein) ad libitum. Or protein-cycled for the 
number of weeks indicated. Animals were sacrificed at 8 h
of the dark cycle on the day of protein refeeding to cycled
animals. Protein(-) controls Were continued on protein(-)






11 WEEKS 20 WEEKS
PROTEIN (+), AD LIB
NO DENA* 133i54 28±9 61+14
DENA 82+26 33+12 15l7
PROTEIN-CYCLED 
PROTEIN(-)
NO DENA 8+7 11±4 0
DENA 12+10 6+6 8+5
PROTEIN(+)
NO DENA 754+100 290+64 271±48
DENA 546+126 226±68 307±44
TABLE 23
LIVER POLYAMINES IN ANIMALS FED DENA AND THEN PROTEIN- 
CYCLED
Animals were given DENA in the drinking water 
for U weeks. Beginning one week later they were protein- 
cycled weekly as described in the text. Animals were 
either continued on protein (-) diet or re-fed with 
protein (+) diet at the beginning of the dark cycle, and 
sacrificed 8 h later at the intervals indicated.
Results are from pooled samples, ^ animals per
group.
TREATMENT P O L Y A M I N E S  ( j i m o l / g  t i s s u e )
1 WEEK 11 WEEKS 20 WEEKS
S SD P S SD P S SD P
CONTROL
PROTEIN ( + ) AD LIBITUM 0.80 0.59 0.51 0.35 0.2*0 0.30
'D'DnrpTrTW _ PVPT tpti
PROTEIN (-) 0.59 0.69 0.68 0.46 0.02 0.48 0.33
PROTEIN (+) 0.63 0.81 0.10 0.70 Q.35 0.05 0.43 0.36 0.07
DENA
PROTEIN (+) AD LIBITUM 0.59 0.47 0.73 0.45 0.03 0.62 0.33 0.04
PROTEIN - CYCLED
PROTEIN (-) 0.67 0.74 0.70 0.56 0.43 0.31
PROTEIN (+) 0.45 0.66 0.13 0.69 0.61 0.13 0.42 0.37 0.14
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3. Tumor Incidence in Protein-Cycled Animals
Table 2k is a summary of the liver pathology 
resulting from the DENA-protein cycling regimen. Protein 
cycling for 6 months after treatment with DENA decreased 
the incidence of liver tumors compared to animals given the 
same dose of carcinogen and fed protein (+) diet ad libitum. 
Animals protein-cycled during the initiation stage (i.e. 
while DENA was being given) and animals protein cycled 
throughout the course of the experiment did not show any 
early evidence of neoplasms.
4. ODC Activity in Protein-Cycled Animals
Animals fed protein (+) diet ad libitum for 26 
weeks displayed a liver ODC activity of 61 pmol C02/h/mg protein 
(Table 25)• Animals fed the same diet but treated with DENA 
for the first k weeks showed a slightly depressed enzyme 
activity. Animals cycled during initiation with DENA and then 
fed protein (+) diet ad libitum for 2k weeks also showed a 
slightly depressed liver ODC activity. The effect of protein 
refeeding on enzyme activity was demonstrable in animals 
cycled during weeks 6-26. The response was of the same 
magnitude in each group, with DENA-treated animals showing 
slightly elevated ODC activity.
P. Dietary Inhibition of ODC Activity; Effect on Polyamines
In order to assess the biological effects of 
chronic depression of ODC activity a study was undertaken 
to determine a dietary means of depressing enzyme activity.
It was also of interest to study the effects of a diet
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TABLE 2k
TUMOR INCIDENCE IN D ENA-TREATED, PROTEIN-CYCLED ANIMALS
Animals were given DENA (40 ppm) in the drinking 
water for k weeks, and were either fed protein ad libitum 
(PROTEIN +) or cycled on and off protein (PROTEIN *) 
during this initiation stage. One week later animals 
from each group were either protein-cycled or fed protein 
ad libitum, and groups were carried on this regimen until 
sacrificed.
DIETARY REGIMEN SACRIFICE T U M 0 R I N C I D E N C E








PROTEIN(+) PROTEIN(+) 5 MONTHS 
7 MONTHS
b/b 
8/1 i* 2/1 b/ib
0/b 
6/1b






PROTEIN(±) PROTEIN(+) 5 MONTHS b/b 0/b




ODC ACTIVITY IN LIVER OF ANIMALS PROTEIN-CYCLED AT VARIOUS 
STAGES OF DENA CARCINOGENESIS
Animals were given DENA in the drinking water 
while either being fed 25# protein ad libitum (protein +) 
or cycled on and off protein. Some animals from each group 
were cycled weekly or fed protein ad libitum for the next 20 
weeks. Animals from each group were sacrificed at this 
point and ODC activity was determined. Protein-cycled 
animals were either refed protein or continued on protein (-) 
diet until sacrificed at 8 h of the dark cycle. Control 
animals were not given DENA.
Results are mean + SEM of number of animals Indicated 
in parentheses.
DIETARY REGIMEN ODC ACTIVITY
DURING DENA AFTER DENA (pmol C02/h/mg)





DENA:PROTEIN(+) PROTEIN AD LIB 12±2 (8)
PROTEIN (+T~ 3071^ (JO
PROTEIN(-) 8+5 (JO





supplemented with 5$ L-arginine on ODC activity, as this 
diet has been shown (85) to decrease the incidence of 
mammary tumors induced in mice by dimethylbenz(a)anthracene 
(DMBA).
A series of animals was fed a standard 15$ casein 
diet and distilled water ad libitum for one week. A group 
of animals was continued on the standard diet while other 
groups were given putrescine or propanediamine in the 
drinking water, or a 5$ L-arginine-supplemented diet. After 
two weeks on these diets animals were sacrificed, and liver 
ODC activity determined (Table 26). There was potent 
inhibition of ODC activity by each of the three compounds.
PD appeared to be the most effective inhibitor of enzyme 
activity, and animals given PD in the drinking water had 
only 10$ of the liver activity of control rats. Rats fed 
either putrescine or arginine maintain an enzyme activity 
less than 20$ of control activity.
PD was investigated further because of its inability 
to serve as a polyamine precursor, and arginine because of 
its effects on tumor inhibition. Animals maintained on 
PD or arginine-containing diets ad libitum continued to 
demonstrate the effects of ODC inhibition (Table 26). Animals 
given PD in the drinking water had 20$ of the liver ODC activity 
of control rats, and 10$ of the kidney ODC activity. Animals 
fed an arginine-supplemented diet also showed inhibited 
liver ODC activity, although again it appeared that PD was 
the more effective inhibitor.
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TABLE 26
DIETARY INHIBITION OF ODC
Animals (100 g) were fed diets of 15% casein and 
distilled water ad libitum. Animals were sacrificed 2 or 10 
weeks after the beginning of the experimental diets describ­
ed. Putrescine and 1,3-propanediamine were offered in the 
drinking water (0.2^ and L-arginine was added to the casein 
(5/&). Animals were sacrificed at 8 h of the dark cycle. 
Results are meanlSEM of 3 animals at 2 weeks and 6 animals 
at 10 weeks.
GROUP
ODC ACTIVITY (pmol C02/h/mg)
2 WEEKS 10 WEEKS 10 WEEKS 
LIVER LIVER KIDNEY
CASEIN 228+73 66+11 447+61




Supernatants of liver from animals fed PD or 
arginine for 2 or 20 weeks were dialyzed and assayed for 
antizyme activity. There was no discernable antizyme 
activity in these supernatants, despite the pronounced 
inhibition of ODC activity and the efficiency of PD in 
stimulating antizyme activity in previous experiments.
There was a very slight effect on body weight of animals 
fed the inhibitors, which was more pronounced in PD-treated 
animals at 10 weeks (Figure 9). Polyamines were determined 
on animals fed either arginine or PD and the results are 
summarized in Table 27. The concentration of spermidine in 
the liver is decreased 26$ in the PD-treated animals and 
15$ in those given arginine.
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FIGURE 9
EFFECT ON BODY WEIGHT OF FEEDING PROPANEDIAMINE OR ARGININE
Animals fed either 15% casein (O ), 15% casein +
5% L-arginine (• ) or 0.2$ 1,3-propanediamine in the 
drinking water (a ) ad libitum were weighed at the intervals 






















LIVER POLYAMINES AFTER FEEDING INHIBITORS OF ODC ACTIVITY
Animals (100 g) were fed experimental diets for 10 
weeks, then sacrificed at 8 h of the dark cycle. Results are 











5# L-ARGININE 0.28+0.02 0.2310.02
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DISCUSSION
A. Changes in Tissue ODC and Polyamines following Carcinogenic 
Doses of N-Nitrosamines
Data has been presented which shows early increases 
in the ODC activity of tissues following the administration 
of nitrosamines. These increases occur in either liver or 
kidneys, but maintenance of elevated enzyme activity occurs 
only in the "target" tissue of the carcinogen. The early 
increases of enzyme activity seen in non-target tissue,
i.e., in the liver following DMNA treatment, occur during 
the time of carcinogen administration, metabolism and 
excretion, and ODC activity increases may reflect these 
events (123). The increased ODC activity may also be 
related to tissue injury and repair (121*). However, kidney 
tissue is not severely damaged and apparently functions 
normally. ODC activity in DENA-treated animals is maintained 
at elevated levels in the liver, the target tissue of this 
carcinogen. Animals injected with DENA continue to show 
increased activity in liver two weeks after treatment had 
ceased. This response is specific to liver tissue.
Increases in ODC activity in the kidneys after 
DMNA treatment and in the liver after DENA treatment may 
reflect specific alterations in the target tissue of the 
carcinogens. The nitrosamines methylate liver and kidney 
nucleic acids (126) , and the maintenance of elevated ODC
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activity in the target tissues could result from an effect 
of these changes on transcription or translation. For 
instance, methylation of kidney RNA could cause an increase 
in translation and a resulting increase in ODC activity.
Our data does not support an irreversible change resulting 
in a constantly elevated ODC activity, as the ODC activity 
in tumor tissue is not increased.
B. Stimulation and Inhibition of ODC Activity: Relationship
to DNA Synthesis
Animals deprived of protein for 3 days show a 
barely detectable level of ODC activity; refeeding of protein 
to these animals results in an early, substantial increase 
in activity. Polyamines are also slightly elevated in 
protein-refed animals, as putrescine concentrations display 
variable increases and spermidine concentrations are slightly 
elevated. DNA synthesis is also increased by protein cycling, 
with the largest increases over diurnal and basal ^H-thymidine 
incorporation occurring 15-17 h after protein refeeding.
The elevations in enzyme activity following protein 
cycling apparently require RNA synthesis. Actinoraycin D 
injections during the first 4 h after refeeding protein 
virtually eradicate liver ODC increases. This is in contrast 
to the report by Gaza ejb a K  on the effects of the antibiotic 
on ODC activity after partial hepatectomy (93), where later 
increases in ODC activity could not be inhibited by actinomycin 
injection 4 h after the operation. It was postulated that 
the biphasic increase in ODC activity in the liver remnant
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is a result of translation of a relatively stable message.
This does not appear to be the case with the ODC increases 
following protein cycling, as inhibition of RNA synthesis 
as late as 4 h after protein refeeding is effective in 
preventing increased enzyme activity.
The diamines putrescine and propanediamine were 
effectiye inhibitors of the increases in ODC activity which 
follow protein cycling. A single injection of either 
compound 2 h prior to the expected increase will inhibit its 
occurrence. PD is the more effective compound, inhibiting 
ODC increases by 89 and 98% in liver and kidneys respectively. 
A series of PD injections for the first twelve hours after 
protein refeeding was 60$> effective in inhibiting increased 
DNA synthesis 17 h after protein refeeding.
ODC activity increases have been shown to precede 
DNA replication in a number of systems (58). Our data 
supports the concept that ODC increases are a necessary 
prereplicative event.
C. Extended Periods of Protein Cycling: Effects on DMNA
Carcinogenesis
If animals maintained on protein (-) diet are refed 
protein (+) diet for the first 8 h of the dark cycle and 
then fasted for 16 h each day of the three day protein 
refeeding regimen, sizeable increases in ODC activity occur 
each day. Following such a protocol on a weekly basis 
causes rats to experience three weekly "pulses" of liver 
and kidney ODC activity. Although the largest increases in
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enzyme activity occurred during the first few cycles, 
increased activity was evident after each of 16 cycles in 
both liver and kidney, and was still demonstrable in cycled 
animals 11 months of age.
Repeated stimulation of ODC activity is a character­
istic of the promotion of skin tumors (79)• It was of 
interest therefore to determine the effect of the repetitive 
stimulation of ODC on the promotion of kidney and liver 
tumors induced in rats by N-nitrosamines. Two of thirteen 
rats injected with DMNA and fed a normal protein diet ad libitum 
had kidney tumors 10 months after treatment. Rats treated 
with the same dose of DMNA and cycled on and off protein 
for 16 weeks showed an altered tumor incidence, with 1 liver 
tumor and no kidney tumors apparent in 21 animals. Thus 
16 weeks of a dietary regimen that caused substantial eleva­
tions in ODC activity 3 times a week did not promote kidney 
tumors.
D. ODC, Polyamines and ODC-Antizyme during the Phenobarbital 
Promotion of DENA Carcinogenesis
Increases in ODC activity were noted in the liver 
of young animals fed a phenobarbital-containing diet. These 
changes occurred within 2k h after feeding the diet ad libitum. 
After 10 days of feeding the drug, animals still had increased 
liver ODC activity, with fluctuations occurring during the 
day. However when animals were fed PB beginning one week 
after a four week initiation period with DENA, the increased 
ODC activity was no longer evident. Animals in this experiment
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were 100-200 g heavier than the animals used to demonstrate 
the effect of PB on ODC.
There was no effect on ODC which could be attributable 
to PB in the diet. Animals tested within the time frame 
of the appearance of tumors in the original experiment (81) 
had neither an increased ODC activity, nor a significantly 
altered polyamine concentration. While we were able to 
confirm the promotion of liver tumors by PB, there were no 
elevations in ODC activity during the course of this promotion, 
nor were there any elevations in enzyme activity in the 
resulting liver tumors.
The incidence of liver tumors as determined 28 
weeks after PB treatment was begun was more than double that 
in animals not fed PB. The PB-treated animals also had 
neoplasia earlier than control animals, with tumor incidences 
between 25-50$ as early as 12 and 20 weeks. But while 
there was extensive necrosis and abnormal tissue predominated, 
the activity of ODC and polyamine concentrations were 
essentially normal.
Not only are ODC and polyamines in tumor tissue 
normal, but the pathological tissue retains the capacity for 
ODC antizyme induction. Response of tumor tissue to injections 
of either putrescine, propanediamine or spermidine was 
essentially normal. The production of antizyme by the liver 
varied with the inducer: propanediamine was the most
effective inducer, spermidine was intermediate, and putrescine 
the weakest and most variable inducer.
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E. Effects of Protein-Cycling on DENA Carcinogenesis
Animals initially treated with DENA display the 
same response to protein cycling as do animals not receiving 
the carcinogen. Animals cycled weekly and sacrificed after 
1, 11 and 20 cycles demonstrated increased liver and kidney 
ODC activity at each interval. When DENA-treated animals 
were cycled weekly for 24 weeks and sacrificed one month 
later, their incidence of liver tumors was only l/3 that of 
DENA-treated animals fed protein (+) ad libitum. This 
evidence is in agreement with the decreased tumor incidence 
seen in DMNA animals after protein cycling (Section C).
One difficulty arising when interpreting, these data is the 
decreased body weight of protein cycled animals. Clayson 
has stated (125) that decreased body weight is associated 
with decreased tumor incidence in carcinogenicity studies. 
The 25-30% decrease in body weight in our experiments may 
have adversely influenced the tumor process, but it is 
unlikely that it explains the marked decrease in tumor 
production observed.
The lack of a promotional effect of protein cycling 
on DENA or DMNA carcinogenesis may relate to the relatively 
small increases in ODC activity achieved after each cycle. 
O'Brien et al. ( 7 9 ) found that application of a promoter of 
skin tumors caused 100 to 200-fold increases in ODC activity 
in epidermal homogenates from these animals after the first 
application. These increases had increased to 600-fold 
after 8 applications. By contrast, the stimulation of ODC
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activity after a single protein cycle was only 10 to 15-fold 
compared, to rats fed protein ad libitum, and the magnxtude 
of this stimulation decreased with repeated cycling.
F. Dietary Inhibition of ODC Activity; Effect on Polyamines
ODC activity was depressed in animals fed either 
putrescine, propanediamine or arginine. This inhibition 
was demonstrable at 1 and 10 weeks of feeding. As could be 
predicted from the injection data presented earlier, PD 
was a more effective inhibitor of enzyme activity. Yet, 
although enzyme activity in vivo was inhibited 90$, there was 
no titrateable ODC antizyme activity. Rats receive approximately 
the same quantity of propanediamine per day in the drinking 
water (0.2 g/lOO ml x 15 ml/rat/day = 0.03 g) as they 
receive when injected to stimulate antizyme (0.75 mmol/kg x
0.2 kg x 3 injections x 0.076 g/mmol <= 0.03^ g).
PD does not function as a precursor of polyamines, 
and there is evidence that the feeding of this compound 
markedly depresses polyamine concentrations. Such is the 
case also with animals fed arginine: spermine and spermidine
concentrations are decreased. If the inhibition of tumor 
formation by feeding arginine is attributable to its effects 
on suppressing polyamine concentrations, then there is 
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